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Abstract 
 
Biofertilisers are rhizosphere microorganisms inoculated to reduce the need for N or P 
fertiliser application and maximise plant growth and nutrition, resulting in greater grain yield 
and N or P content. This study aimed to evaluate the effectiveness of diazotrophic bacteria 
isolated from the rhizosphere of wheat in Victoria, Australia. This thesis shows that N2-fixing 
Burkholderia species have great potential as biofertilisers on wheat productivity and profit. 
 
In Chapter 2, strains of bacteria were isolated from wheat- growing soils in main Victoria 
wheat belt at Horsham and Birchip in North West Victoria by using N-free medium. Strains 
were identified as Burkholderia spp. by their closest matches in the 16S DNA and by 
morphology and physiology.  Strains were characterised as N fixing, Gram-negative, aerobic 
bacteria, motile, oxidase- and catalase-positive, able to utilise a wide range of carbon sources, 
with a pH range of 5-8 and a temperature range of 20-37°C.  These appeared to be new species 
of Burkholderia. 
 
In Chapter 3, one selected strain from each of Birchip and Horsham were used to inoculate 
wheat in a pot trial in a glasshouse with natural lighting at controlled temperature during 
winter-spring.  Soil was collected on site from wheat fields and was not sterilised before use.  
Pots were inoculated with these strains in (pots and field experiments) to evaluate the effects 
of Burkholderia inoculum as biofertiliser on the plant growth and yield.  The cultures 
containing 1x104 CFU/ml were used for seed inoculation.  Different nitrogen sources (urea 
46% N and ammonium sulphate 21% N) were used as fertiliser at one of four levels (0, 50, 
100 and 150 kgN/ ha) to soil with 42 (Birchip) or 110 (Horsham) mg N/kg.  Inoculation 
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increased N content in grain but not grain yield, reaching an optimum effect at 100 kg N/ha.  
There was a greater effect in Birchip than in Horsham soil and with ammonium sulphate than 
with urea due to waterlogying in Horsham soil.  It was concluded that inoculation held 
potential for a field trial. 
 
In Chapter 4, field-grown wheat was inoculated with the same strains of Burkholderia.  Three 
experiments were carried out in plots approximatly 1 m x 12 m at two sites, dryland and 
irrigated fields at Horsham and a dryland field at Birchip, during the winter wheat season of 
2006, to evaluate the effect of Burkholderia species inoculum and different types of nitrogen 
source (urea and ammonium sulphate) at one of four levels of added N (0, 50, 100 and 150 kg 
N/ha) on wheat growth and yield.  The effects of both bacterial inoculation and N fertiliser on 
growth promotion and grain yield were recorded by number of ears, number of stalks and 
height of plants at all sites.  Since 2006 was a year of drought, dry land crops were 
unsuccessful.  Grain %N as well as total N content in grain per area in the Horsham irrigated 
field increased with increasing N fertiliser levels up to 100 kg N/ha.  At harvest, inoculated 
plants had significantly (up to 40% greater) increased total nitrogen in grain than uninoculated 
plants.  Increases were greater with ammonium sulphate than with urea and optimum at 100 kg 
N/ha. 
 
In Chapter 5, acetylene reduction (ARA) activity was measured in the pots for both inoculated 
and uninoculated plants at various growth stages and populations of nitrogen-fixing bacteria 
associated with the wheat roots and bulk soil were measured in addition to biomass and N 
content of plants and grain.  ARA activity was present in inoculated plants and absent in 
uninoculated plants and was greater with ammonium sulphate than with urea and again 
 v 
 
optimum at 100 kg N/ha.  Molecular tracing using specific primers showed that the inoculum 
was present only in inoculated treatments.  Up to 60% of the increased N content of the grain 
in inoculated plants was potentially derived from nitrogen fixed by the inoculum in the 
rhizosphere. 
 
It was concluded that the most significant result due to inoculation was the consistent maximal 
increase of N content in grain in inoculated treatments with ammonium sulphate fertiliser at 
100 kg N/ha. Inoculation with Burkholderia consistently increased %N in wheat grain, with 
the potential benefit of decreasing the production cost and reducing use of chemical fertilisers. 
This has benefits for the farmer depending on costs of inoculation and the use of these 
Burkholderia strains as biofertilisers could improve environmental sustainability, lower the 
cost of production and give better crop yields in wheat. 
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Chapter 1 
Introduction 
 
1.1 General introduction 
Despite nearly 200 years of experience since the benefits of providing chemical 
fertilisers such as mineral nitrogen and superphosphate were realised, the prospect of 
achieving the full genetic potential for crop yield on farms is not often realised.  
Cereals, such as wheat, oats, barley rice etc. may not to respond to supplements of 
phosphate or nitrogen due to negative factors in field soil including inadequate 
moisture or ineffective rates of mobilisation being less than the demand for plant 
growth. This effect is disappointing, because the success of plant growth in 
hydroponics suggests that mineral fertilisers (Scott et al., 1993) supplied in sufficient 
amounts should be able to support maximum growth. For cereals grown in soil, this is 
frequently untrue (Glick et al., 1999). 
 
The use of nitrogen fertiliser in Australia has grown at an annual rate of 14% since 
the early 1990s, after growing at half that rate since the 1950s (Angus at al., 2001). 
The accelerated growth has occurred during a period when world demand for N 
fertiliser has been almost constant. Most of the additional demand has been for the 
dry land cereal industries of Australia, where crops previously obtained almost all 
their nitrogen from mineralization of soil organic matter. The most likely reasons for 
the belated increase in use of nitrogen fertiliser in Australia are to replace the supply 
from pasture residues as the area of pasture has decreased due to fluctuations in wool 
prices and to satisfy the increased demand for cereals following break crops and for 
the break crops themselves. 
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Wheat (Triticum aestivum L.) is the most important crop in the world (Pingali et al., 
1999). In Australia, wheat is normally sown on the first major rainfall from mid-May 
through to June. Under these conditions, nitrogen is often lost by deep drainage in the 
winter, when crop growth and nitrogen uptake are slow due to low temperatures and 
low solar radiation (Turner et al., 1988). Losses of nitrogen by leaching include 
inorganic nitrogen available in the soil profile at the break of the season, mostly NO3− 
(Fillery et al., 2001), and the nitrogen applied as fertiliser (Anderson et al., 1998). “A 
poor contemporaneity between the availability of NO3− in the soil profile and the 
NO3− demand by the wheat crop is attributed to these losses of nitrogen and is 
responsible for the typical 30-50% recovery of the nitrogen fertiliser applied to the 
soil in wheat crops in Australia” (Angus et al., 2001). 
 
1.2 The ecological importance of nitrogen fixation 
Nitrogen is one of the most limiting nutrients in growing crops (Johnson et al., 1982).  
In cereals, it is generally applied as fertiliser in the form of urea or ammonium 
sulphate.  It can also be supplied by nitrogen fixation by certain bacteria in the soil or 
rhizosphere (the area immediately surrounding plant roots), which act as biofertilisers 
(Aquilanti et al., 2004). 
 
Most of the nitrogen in soil is present in the form of complex organic molecules.  
Conversely, there is little present in the immediately usable nitrate or ammonium 
forms.  The organic forms are converted to ammonium and nitrate by soil 
microorganisms, a process called mineralisation (Kim et al., 1994).  Therefore the 
amount of nitrogen available to roots depends on the rate of mineralisation and it in 
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turn depends on the environmental factors that affect the activity of the 
microorganisms eg. the amount of oxidisable carbon, temperature and oxygen.  
In natural ecosystems nitrogen is circulated efficiently, with only small losses by 
denitrification to N2 and N2O, and by leaching of nitrate in drier conditions (Trenkel 
et al., 1997; Fillery et al., 2001) (Fig. 1.1). This is why fresh water draining off 
natural ecosystems contains very low concentrations of NO3− nitrate and NH4+. In 
cropped systems, nitrogen is removed and so it has to be balanced by the addition of 
organic or inorganic fertiliser or BNF (Vitosh et al., 1995). 
Soil organic nitrogen is the major part of soil nitrogen but too little is known about 
the chemistry, microbiology and cycling of particulate and dissolved organic 
nitrogen, especially when there is a large input of N from the air through BNF. Some 
plants can use organic N (amino acids) (Vessey et al., 2003), but the relative 
importance of this source in different species habitats is not known. Adding nitrogen 
to soil as fertiliser and through N-fixing plants is standard practice in agriculture 
(Vessey et al., 2003). 
Fertiliser nitrogen inputs have increased with the growth in dairy farming, but too 
much such nitrogen can lead to terrestrial and aquatic pollution and needs to be 
reduced (Govindarajan et al., 2005). 
1.2. 1 Nitrogen cycle and nitrogen fixation 
The nitrogen cycle is one of the biogeochemical cycles that are very important for 
ecosystems. Nitrogen moves slowly through the cycle and is stored in reservoirs such 
as the atmosphere, living organisms, soils, and water along its way (Trogler et al., 
1997). 
 4 
 
 
 
 
 
 
http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/N/NitrogenCycle.html#Nitrogen_Fixation 
Fig 1.1 Nitrogen cycle 
 
Most of the nitrogen on Earth is in the atmosphere.  Approximately 80 % of the 
molecules in Earth's atmosphere are made of two nitrogen atoms bonded together 
(N2).  Nitrogen is a limiting factor for plant growth; all plants and animals need 
nitrogen to make amino acids, proteins and DNA (Bøckman et al., 1997), but the 
nitrogen in the atmosphere is not in a form that they can use.  The molecules of 
nitrogen in the atmosphere become usable for living things when they are broken 
apart during lightning strikes or fires, or by certain bacteria that can fix N2 (Kloepper 
et al. 1988).  Plants get the nitrogen they need from the soil or water in which they 
live, mostly in the form of mainly NH4+ in poor soils or NO3- in good soils.  When 
organisms die, their bodies decompose, bringing the nitrogen into soil on land or into 
the oceans (Scott et al., 1993).  As dead plants and animals decompose, nitrogen is 
converted into inorganic forms such as ammonium salts (NH4+) by a process called 
mineralization.  The ammonium salts are absorbed onto clay in the soil and then 
chemically altered by bacteria into nitrite (NO2−) and then nitrate (NO3−) (Freney et 
al., 1981; Vlek et al., 1981).  Nitrate is the form commonly used by plants.  It is 
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easily dissolved in water and leached from the soil system.  Certain bacteria can 
return dissolved nitrate to the atmosphere in a process called denitrification. 
The use of nitrogen-rich fertilisers can cause nutrient loading in nearby waterways as 
nitrates from the fertiliser wash into streams and ponds. Farming also affects the 
nitrogen cycle. The run-off waste associated with intensive livestock farming releases 
a large amount of nitrogen into soil and water. In the same way, sewage waste adds 
nitrogen to the water. 
1.2.2 Biological nitrogen fixation of atmospheric nitrogen 
Nitrogen is one of the most common nutrients required for plant growth and 
productivity, as it forms an integral part of proteins, nucleic acids and other essential 
bio-molecules.  Biological nitrogen fixation is a reducing process in which 
atmospheric nitrogen (N2) is reduced to NH3 by bacteria called diazotrophs.  Bacteria 
in both terrestrial and aquatic (water) environments participate in this process 
(Hagenbuch et al, 2007).  These organisms must have the enzyme dinitrogenase to be 
able to this. 
Plants cannot use the nitrogen in the atmosphere without the assistance of nitrogen-
fixing bacteria. These bacteria reduce atmospheric nitrogen to ammonia, which is 
taken up by plants into amino acids and used to make other compounds.  
Biological nitrogen fixation BNF requires energy (Engelhard et al., 2004). Those 
microbes that fix nitrogen independent of other organisms are called free-living.  The 
free-living diazotrophs require a chemical energy source if non-photosynthetic, 
whereas the photosynthetic diazotrophs, mainly cyanobacteria, utilise light energy.  
The free-living diazotrophs contribute little fixed nitrogen to agricultural crops (Glick 
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et al., 1999).  Associative nitrogen-fixing microorganisms are those diazotrophs that 
live in close proximity to plant roots (that is, in the rhizosphere or within plants) and 
can obtain energy as photosynthetic products from the plants. They may make a 
modest contribution of fixed nitrogen to agriculture and forestry, but quantification of 
their potential has not been established. 
 
BNF by associative diazotrophic bacteria is a common process.  Some of the best-
studied diazotrophs for nitrogen fixation are Burkholderia spp., which fix N2 when 
other sources of nitrogen are absent or at low levels (Döbِereiner et al., 1993; 
Kirchhof et al., 1997). Bacterial strains capable of reducing acetylene to ethylene 
were isolated from various native plants grown in the Canadian High Arctic by 
Lifshitz et al., (1987). 
 
1.2.3 Nitrogenase 
Nitrogenase is an enzymatic complex that enables fixation of atmospheric nitrogen 
(Jacobson et al., 1992). It contains the two proteins molybdoferredoxin and 
azoferredoxin (first isolated in 1962) that together make up the (di)nitrogenase 
complex. These must be supplied with reducing equivalents by other proteins that 
vary. The nitrogenase complex exists in free-living nitrogen-fixing organisms as well 
as in symbiotic nitrogen-fixing bacteria. The complex converts atmospheric nitrogen 
(N2) to ammonia (NH3) according to the following formula (Charpy et al., 1998): 
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N2 + 8H+ + 8e- + 16ATP + 16 H2O → 2 NH3 + H2 + 16ADP + 16Pi 
 
 
http://www.com.univ-mrs.fr/IRD/atollpol/fnatoll/images/nitfix.jpg 
Fig 1.2 Operation of nitrogenase 
                     HVJFJ  
The enzyme consists of Fe and MoFe component proteins, which can be purified 
separately (Fig. 1.2). The MoFe protein contains two types of metal-sulphur clusters, 
the P-clusters, and the Fe, Mo cofactor known as FeMoco, believed to be the site of 
substrate binding (Engelhard et al., 2004). Although the structure of FeMoco within 
crystalline resting-state nitrogenase was determined in 1992, the sites of substrate and 
inhibitor coordination are still poorly understood. 
1.2.4 Factors affecting the growth of N2 fixing bacteria in soil 
The occurrence of nitrogen-fixing bacteria in particular soils depends on  
1. Requirements of the organism for growth and survival 
2. Existing environmental conditions 
• Natural and chemical properties of the environment. Several mineral 
elements are necessary for the growth of these organisms (Latour et al., 
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1996; Buyer et al., 1999). Molybdenum (Mo), iron (Fe), and calcium (Ca) 
are essential elements for nitrogen fixation by all species and can be 
limiting, e.g. Mallee soils in north-western Victoria. These BNF 
organisms can decline rapidly, however, in the absence of molybdenum 
or if ammonia or nitrate are available and the plants do not depend on 
BNF for nitrogen. 
• Prevalent soil pH clearly affects the spread of nitrogen-fixing organisms 
(Burr et al., 1978; Pal et al., 1998) including Burkholderia spp. Optimal 
pH is 5 to 8. 
• Soil moisture influences nitrogen fixation rate, as BNF reaches its 
maximum at or near field capacity (Burr et al., 1978). 
• Low temperature reduces BNF (Moorby et al., 1984; Thompson et al., 
1992). Optimal temperatures are 25 to 37oC. 
 
The need by Burkholderia species for glucose, cellulose, hay or plant remnants, 
materials with a large C: N ratio, increases rates of BNF initially, but the effect 
depends on the nitrogen content of the soil, because aerobic nitrogen-fixing 
organisms vie with other organisms for available C in their environment (Alexander 
et al., 1982); whenever their competition increases, due to increased availability of 
available nitrogen, the BNF rates decline as total nitrogen content rises. 
The following three basic conditions must be fulfilled for aerobic nitrogen fixation to 
occur at high rates:  
1. Large numbers of micro-organisms; 
2. High growth rates, because BNF use is directly associated with organisms’ 
growth (both diazotrophs and their associated plants); 
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3. Most of the nitrogen in active cells must originate from BNF of atmospheric 
nitrogen (N2). 
Aerobic nitrogen-fixing organisms prefer ammonia and sometimes nitrates or other 
nitrogen compounds as their nitrogen source (Alexander et al., 1982). Burkholderia 
species prefer ammonia and they use it in preference to their use of N2 from the air; 
thus available ammonium salts in soil inhibit aerobic BNF.  Amino acids demonstrate 
the same effect but to a lower degree (Alexander et al., 1982), but are scarce in soil.  
In diazotrophs, available NH4+ is used preferentially until its concentration is reduced 
to the level at which diazotrophs begin the synthesis of nitrogenase and start to use 
N2. 
 
1.3 Literature review 
 
Burkholderia is a genus of environmental bacteria, some of which are found in soil 
(Achouak et al., 1999) and water (Vermis et al., 2003) and in association with plants 
(Bevivino et al., 1998; Balandreau et al., 2001; Moulin et al., 2001).  
 
The species in Burkholderia were originally classified as members of the genus 
Pseudomonas. While species of Burkholderia share characteristics in common with 
members of the genus Pseudomonas, they are distinct and separate on the basis of 
their 16S rRNA sequence and fatty acid composition (Kersters et al., 1996).  This 
genus was first described in 1949, by Burkholder (1950), but in 1992, it was 
reclassified into the genus Burkholderia (Yabuuchi et al., 1992; Trân Van et al., 
2000). 
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http://web.umr.edu/~microbio/BIO221_2000/Burkholderia html 
Fig 1.3 Burkholderia cells in the scanning electron microscope. 
 
Whitmore first reported Burkholderia spp. as causing human infection in 1911 from 
individuals living in Rangoon, Burma (now Yangon, Myanmar) (in Turner, 1998). In 
1992, Yabuuchi et al. proposed that seven Pseudomonas species belonging to RNA 
homology group II be classified under a new genus, Burkholderia (Yabuuchi et al., 
1992).  Since 1992, the list of species encompassing the genus Burkholderia has 
changed several times.  Some species were later removed from Burkholderia 
(Yabuuchi et al., 1995); some were later added to it (Gillis et al., 1995; Viallard, 
1998), along with some newly described species (Brett et al. 1998; Achouak et al. 
1999; Bramer et al., 2001). This genus Burkholderia currently consists of 47 species 
(Gillis et al., 1995; Zhang et al. 2000; Reis et al., 2004), as the number of new 
Burkholderia species has continuously increased (Perin et al., 2005). 
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Table 1.1 Burkholderia species 
 
 
1.3.1 Cell structure and metabolism 
Burkholderia species are rod-shaped, motile, Gram-negative bacteria that are capable 
of being facultative pathogens of humans and plants. The bacteria are also generally 
aerobic. Burkholderia bacteria are commonly found in the soil and in groundwater 
worldwide (Master et al., 1998; Vermis et al., 2003). 
1.3.2 Inoculation responses in plants 
Inoculation of crop plants with Burkholderia species has increased yield in grasses, 
eg. rice, sugarcane, maize. The effects have been ascribed to two factors: nitrogen 
fixation and production of plant growth-promoting substance (PGPS) (plant 
hormones). 
N2 fixation is a common process of Burkholderia isolates.  The ability to fix 
atmospheric nitrogen, which was initially observed only for B. vietnamiensis (Gillis 
et al. 1995; Trân Van et al., 1996), has been extended to other species, including  
Burkholderia species 
B. andropogonis B. brasilensis B. caledonica 
B. caribensis B. caryophylli B. fungorum 
B. gladioli B. glathei B. glumae 
B. graminis; B. hospita B. kururiensis 
B. mallei B. phenazinium B. phymatum 
B. phytofirmans B. plantarii B. sacchari 
B. singaporensis B. sordidicola B. ambifaria 
B. terricola B. tropica B. tuberum 
B. ubonensis B. unamae B. xenovorans 
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B. kururiensis (Estrada-De los Santos et al., 2001), B. unamae (Caballero et al., 
2004), B. tropica (Reis et al., 2000; Weber et al., 2000) and B. brasilensis (Reis et al., 
2000).  Besides associative nitrogen fixation with graminaceous plants, the species B. 
tuberum, B. phymatum and B. caribensis can nodulate tropical legume plants (Coenye 
et al., 2001; Vandamme et al., 2002).  The beneficial effects of inoculation of 
diazotrophic bacteria have been observed in several different crops. 
 
Various inoculation experiments have been conducted to determine the contribution 
of biological nitrogen fixation to graminaceous plants by Burkholderia spp.  In 
Vietnam, rice grown inoculated with B. vietnamiensis increased in yield 13 to 22 % 
(Trân Van et al., 2000).  In Brazil, different rice varieties inoculated with 
Burkholderia brasilensis strains, those that were more efficient in the association 
resulted in an increase in yield (Baldani et al., 1996).  An endophytic Burkholderia 
species isolated from rice plants in Brazil fixed 31% of the total nitrogen captured by 
the plant and resulted in a 69% increase in the rice biomass (Baldani et al., 2000).  An 
interaction existed between the inoculant strain and the rice cultivar (Baldani et al., 
2000).  Biological nitrogen fixation increased in total plant N by 20-30%, as 
recognized by the 15N isotope dilution technique.  A yield increase of 54% was 
observed for the rice inoculated with Burkholderia brasilensis (Guimarães et al., 
2000). 
 
The positive effects exerted by the bacteria are not confined only to the fixation of 
atmospheric N2, but to a combination of mechanisms, including the synthesis of 
phytohormones and vitamins (Dobbelaere et al., 2003), i.e. the so-called plant-growth 
promoting rhizobacteria (PGPR) including Burkholderia.  Rice plants inoculated with 
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B. vietnamiensis, which produce indole acetic acid (IAA) (Tabacchioni et al., 1993), 
showed a significant increase in plant growth even at the nursery stage (Trân Van et 
al., 2000).  Moreover, inoculated plants flowered earlier than non-inoculated ones 
and inoculation increased grain yield (Trân Van et. al., 2000). 
 
Plant growth promotion has also been observed for B. ambifaria, leading to a 
significant 30% increase in the growth of maize when inoculated as seed treatment 
(Ciccillo et al., 2002).  Moreover, increases in crop yield due to the introduction of 
diazotrophic Burkholderia strains have also been observed in sugarcane and maize, as 
mentioned earlier (Riggs et al., 2001).  The effects are not confined to grasses.  A 
recently described species, B. phytofirmans, was originally called strain PsJNT when 
it was isolated from onion in Dutch soils (Frommel et al., 1991).  B. phytofirmans 
showed high activity of the enzyme 1-aminocyclopropane-1-carboxylate (ACC) 
deaminase, therefore reducing the ethylene level in developing or stressed plants 
(Sessitsch et al., 2005). In addition, plants inoculated with B. phytofirmans showed a 
more developed root system and several other beneficial effects, e.g. (Nowak 1998; 
Nowak & Shulaev, 2003) when inoculated on a range of plants, including grapevine.  
A remarkable feature is that the strain colonised entire plants of at least chickpea 
(Sessitsch et al., 2005) and grapevine (Compant et al., 2008) externally and 
internally, becoming endophytic in the xylem. 
 
In view of environmental pollution in case of excessive use of fertilisers (Kantar et 
al., 1997) and due to high costs in the production of N fertilisers, N2 fixing strains of 
Burkholderia may well be suited alone or in combination to achieve sustainable and 
ecological agricultural production.   
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1.4 Rationale, scope and aims of the research 
The purpose of this study was to test if inoculation with biofertilisers, particularly N2-
fixing species of Burkholderia, will improve yield of wheat, by contributing to the 
supply of nutrients to the developing grain.  In particular, the potential of the strains 
to substitute for or supplement part of the nitrogenous fertiliser normally supplied in 
order to maximise crop yield was examined.  In the longer term, this would 
supplement N released to the available soil pool by mineralisation through death and 
decay of the crop.  
 
Rationale and scope 
This research aims to reduce the amount of mineral N fertiliser applied to the soil. 
Such a reduction could decrease environmental pollution, which is harmful for 
humans, soil and water and still produce or increase a high yield of wheat, a high 
demand crop for export. Besides this, it could reduce the cost of production and, in 
turn, increase the net income from wheat to the farmer. This would also reduce the 
reliance on nitrogen fertiliser produced with energy supplied by fossil fuels. World 
fertiliser prices rose steadily from 2004 through 2006, then soared in 2007 (Hargrove 
et al., 2008).  The worldwide increase is due to several-fold consequent increases in 
the price of petroleum, which is used in the production of nitrogenous fertilisers. This 
has necessitated a search for cheaper sources of nitrogen to meet the needs of crops 
and has rejuvenated soil microbiology in an effort to utilise microbes as biofertilisers 
for the biological fixation of nitrogen. Biofertilisers are also environmentally 
friendly, and potentially constitute a low-cost or almost non-monetary input that can 
play a significant role in plant nutrition. 
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This study attempted to investigate the effectiveness of N2-fixing bacterial species 
isolated from Victorian wheat soils, a topic of interest in agriculture, as it has the 
possibility of increasing cereal production while reducing the costs of growing 
cereals, by reducing: 
• Direct fertiliser cost to the farmer 
• Indirect costs to the environment in the form of nitrogenous pollution of 
freshwaters. 
 
Aims 
The aims of this study were to: 
1. Isolate nitrogen-fixing (BNF) bacteria from wheat soil and characterise them 
morphologically, physiologically and molecularly (Chapter 2) 
2. Determine the effect of inoculating with N2-fixing bacteria in the genus 
Burkholderia on wheat grain yield and N content in soils with low nitrogen 
availability, using a pot trial (Chapter 3) 
3. Determine the effect of inoculating with these bacteria in these soils in the field at 
Birchip and Horsham in Victoria (Chapter 4) 
4. Investigate why total N in grain increases, by studying the location of the bacteria 
and the mechanism(s) by which it occurs, in a modified pot trial (Chapter 5).  
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Chapter 2                
                                                                                                                                                 
 
Identification and characterisation of Burkholderia spp. from wheat 
rhizosphere 
 
2.1 Introduction 
Bacteria belonging to the genus Burkholderia, which are very common in soil, water 
and associated with plants (McArthur et al., 1988) have a wide natural diversity, not 
only in taxonomy, but also in ecological features.  Some species are pathogenic to 
plants or to mammals and others are widespread in the environment.  Some 
Burkholderia species also have agricultural benefits.  Some control plant disease by 
inhibiting the growth of bacterial and fungal phytopathogens (Aoki et al., 1993), 
improve crop production (Trân Van et al., 2000) or fix nitrogen (Gillis et al., 1995). 
The genus was only named fairly recently (Yabuuchi et al., 1992) by transferring 
RNA homology group II of the genus Pseudomonas.  Burkholderia consists of 47 
species (Coenye et al., 2001; Coenye et al., 2003); however only five are recorded as 
fixing nitrogen (Gillis et al. 1995; Zhang et al. 2000; Reis 2004, Trân Van et 
al.,1996).  The first, named B. vietnamiensis, was isolated from the rhizosphere of 
rice roots planted in Vietnam (Gillis et al., 1995).  This nitrogen-fixing species also 
included two strains isolated from human materials belonging to the Pseudomonas 
cepacea complex, indicating that the new genus is not limited to plant materials.  
Another species, named B. kururiensis, was isolated from an aquifer area 
contaminated with trichloroethylene (TCE) (Zhang et al., 2000) in Japan.  The ability 
of this species, represented only by one isolate, to fix nitrogen was demonstrated by 
Santos et al. (2001) in a study that compared different Burkholderia strains isolated 
from plants grown in Mexico and from other countries, including Brazil. 
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In the mid 90's, a large number of nitrogen-fixing bacteria, with characteristics 
similar to those of the Burkholderia genus, were isolated from rice, sugarcane and 
sweet potato plants using semi-solid JMV medium containing mannitol with the pH 
adjusted in close proximity to 4.5 (Baldani et al., 1996).  The partial sequences of the 
23S and 16S rDNA regions indicated that these isolates belonged to the genus 
Burkholderia, but they were not B. vietnamiensis species.  These seem to fit into a 
16S rDNA complex with B. graminis (Coenye et al., 2001). 
Since then, many other Burkholderia species not matching those originally placed 
into Burkholderia have been described, suggesting that there are many more yet to be 
found.  Several of these are recorded as improving the growth of crops, in particular 
the grasses sugarcane, rice and maize (Dobbelaere et al., 2003; Baldani & Baldani, 
2005; Govindarajan et al., 2008; Mendes et al., 2007; Muthukumarasamy et al., 2007) 
but not others.  As wheat is the main cereal grown in Australia, it seemed possible 
that a Burkholderia species could be found and used to improve its yield. 
 
Aims 
The aim of this chapter was to investigate the presence of N2 fixing growth-
promoting bacteria (PGPB) in soils in Victorian wheat fields and characterise them 
by traditional Morphological and physiological methods as well as molecular 
methods. 
Molecular and microbiology tools were used and evaluated for the objective of 
monitoring Burkholderia populations in the soil.  N2-fixing bacteria were isolated 
from two different soils from within the Victorian wheat belt (Horsham and Birchip), 
Australia, characterized using microbiological and molecular methods and evaluated 
for characteristics of plant growth-promoting bacteria (PGPB).  DNA was extracted 
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from the bacteria and used to identify the bacteria as Burkholderia species, using the 
16S rDNA.  The diversity of colonies from soil samples was studied by ARDRA 
analysis.  Specific primers were designed and validated using strains from both soils. 
 
 
2.2 Materials and Methods 
2.2.1 Area of study and soil collection  
Soil was collected from the wheat field in the Victorian wheat belt near the towns of 
Horsham and Birchip. 
The soil from Horsham was gray clay (pH 6).  Soil for isolation of N2-fixing bacteria 
was collected from an experiment area close to Horsham that had been used for 
wheat trials run by Department of Primary Industry (DPI) at Horsham.  The field was 
located at 36°42′S, 142°12′E and 1 kg of soil was collected from the rooting zone (0- 
20 cm) at random from within the field. 
The soil from Birchip was a brown loam (pH 6.5).  Soil for isolation of N2-fixing 
bacteria was collected from an agricultural cropping trial site run by the Birchip 
Cropping Group at Birchip.  The field was located at 35°59′S 142°56′E; located 
approximately 346 kilometres northwest of Melbourne, and 1 kg soil was collected as 
at Horsham. 
 19 
 
 
Fig 2.1 Map of Victoria showing Horsham and Birchip 
 
2.2.2 Isolation and culture of nitrogen-fixing bacteria 
Burk’s N free medium (Appendix 1.1) (Martinez-Toledo et al., 1985) was used for 
the isolation of aerobic nitrogen-fixing bacteria. Each soil sample was mixed 
thoroughly, and then 2 g was added to a 500 mL flask containing 25 mL of Burk’s 
liquid medium and incubated on a shaker for 48 h at 30°C. Each culture was sub-
cultured five times with 48 h incubation and enriched cultures were plated on Burk’s 
solid medium and incubated at 30°C for 48 h. Burk’s semi-solid medium was used 
for the selected isolates and incubated at 30°C for 72h.  Bacterial colonies were 
transferred to plates of the same medium for identification and characterisation. 
Pure isolates were characterised using the criteria of Bergey’s Manual of 
Determinative Bacteriology (1994). The following tests were used. 
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2.2.3 Morphological, physiological and biochemical characterisation 
The isolates were Gram-stained using standard procedures, using 95% ethanol for the 
decolourising agent and safranin for the counterstain. Gram morphology was 
determined using a compound microscope in oil immersion (x 1000). 
Motility was assessed using a Craigie tube with a semi-solid medium (Harvey & 
Price, 1967). The gel is weak enough to allow motile organisms to move through it 
and become evenly distributed throughout the medium. Cells were inoculated onto 
the surface of the medium.  Non-motile organisms remained where they were 
inoculated, forming a colony inside the tube. 
Streaking bacteria on impregnated test strips saturated with tetramethyl-p-phenylene 
diamine tested for the presence of oxidase. The test was assessed as positive if a dark 
purple colour appeared within 30 seconds. 
The presence of catalase was determined by dropping 3% H2O2 on to a loopful of 
culture suspended on a slide. Catalase-positive bacteria produce oxygen bubbles, as 
shown in this equation (Freeman et al., 1981): 
           Catalase 
2 H2O + O2                      2 H2O2 
Hydrogen sulphide production (H2S) was determined by stabbing the isolates into 
peptone iron agar and incubation at 30°C. The blackening of the medium indicated 
the production of H2S (Freeman et al., 1981). 
The production of flexirubin pigments was determined by inoculating the isolates 
onto Burk’s medium plates and incubating at 30°C for 48 h before the plates were 
covered with 20% KOH solution. The presence of flexirubin pigments caused a 
change in culture colour from yellow to purple (Fautz & Reichenbach, 1980). 
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The Voges-Proskauer (VP) test was carried out by inoculating the bacteria onto VP 
medium plates (Appendix 1.2). The plates were incubated at 30°C for 48 h. A drop of 
10% sodium pyruvate was added and then one drop of 40% KOH and 1% creatine 
were applied. A red colour was the positive reaction; within 5-30 min if the strain 
could convert pyruvate to acetone, and a yellow colour was the negative reaction 
(Freeman et al., 1981). 
The ability to grow in the presence and absence of oxygen was tested by streaking the 
bacteria onto Burk’s medium plates (Freeman et al., 1981) and incubating at 30°C for 
72 h aerobically and anaerobically and then assessing for the presence of growth.  
Carbohydrate utilisation was tested by inoculating tubes of semi-solid Burk’s 
medium with a loopful of bacterial culture and incubating at 30°C for 3 days. 
Carbohydrate utilisation was indicated by acidification in the medium (indicator 
changed from green to yellow). Fermentation caused yellowing throughout the tube, 
while oxidation caused a colour change only at the top of the tube. 
Utilisation of fructose, galactose, glucose, lactose, maltose, mannitol, sucrose, 
inositol, sorbitol, raffinose and glycerol as sole carbon sources were assayed on 
Burk’s medium with a final concentration of 0.5% (w/v) of each substance, through 
inoculating the selected microorganism in agar plates incubated at 30°C for 48h and 
examining for the appearance of growth. 
Starch hydrolysis test was determined by inoculating the microorganisims onto starch 
agar plates (Appendix 1.3) and incubating the plates at 30°C for 48 h, then flooding 
the surface of the plates with Gram’s iodine (Appendix 1.4) according to Freeman et  
al.,(1981). Clear zones around bacterial cultures in the stained medium indicated 
starch hydrolysis. 
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The use of citrate as a sole carbon source was tested by stacked a loopful of culture 
on the surface of Simmon’s citrate agar plates (Appendix 1.5) and incubating at 30°C 
for 1 week. The positive reaction was growth and a change in the medium from green 
to deep blue, as a consequence of the rise in pH of the medium as citrate was utilised 
(Freeman et al., 1981). 
The ability to form urease was indicated by inoculating urea liquid medium 
(Appendix 1.6) with a loopful of the culture and incubating at 30°C for 24 h.  The 
positive reaction was a change in the colour of the phenol red indicator, from pink to 
purple due to rise in pH of the medium, indicating the breakdown of urea to ammonia 
and CO2 (Freeman et al., 1981).  The reaction occurs as follows: 
Urease 
                               CO2 + 2NH3                                    (NH2) 2 CO + H2O            
 
Gelatin hydrolysis was determined by inoculating bacteria into gelatin in a test tube 
(Appendix 1.7) (Freeman et al., 1981) with a needle carrying bacteria, incubating at 
25°C for 3 days and assessing liquefaction of the gelatin by placing on ice for 15 min. 
Gelatin is a protein that is solid in solution at room temperature.  If the bacterium 
makes the enzyme gelatinase (which optimally is produced at 25°C, not 30°C), the 
gelatin is hydrolyzed and becomes a liquid.  
Nitrate reduction was tested by inoculating trypticase-nitrate tubes with the bacteria 
and then incubating at 25°C for 48 h.  One ml of sulfanilic acid was added to each 
tube, and then 1 ml of dimethyl 1-naphthylamine solution.  Development of a red 
color indicated a positive test.  If no red color was observed, there were two 
possibilities: the nitrate had not been reduced, or it had been reduced further than 
nitrite, e.g to nitrous oxide or nitrogen gas.  To differentiate between these two 
possibilities, zinc powder was added to complex with nitrate, forming a red color. 
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Thus if the tube turned red after adding zinc, nitrate had not been reduced and the 
result was negative.  If no red color was observed, then the nitrate had been reduced 
further than nitrite and the result was positive (Freeman et al., 1981). 
Salt tolerance was tested by inoculating 0.5 mL of a culture of bacteria in a tube 
containing 4.5 mL of nutrient broth with either of 3% and 5% NaCl.  Tubes were 
incubated for 48 h at 30°C, and bacterial growth was estimated, after serial dilution 
when necessary (Freeman et al., 1981). 
2.2.4 Temperature tolerance 
Temperature tolerance of the isolates was carried out on both solid and liquid 
medium. 
2.2.4.1 On solid medium 
Temperature is perhaps the most important environmental factor determining the 
activity of microorganisms in soil.  The effect of temperature on the growth rate was 
determined by patching the bacteria on to Burk’s medium plates grown at varying 
temperatures.  The plates were incubated at each of 4°C, 15°C, 21°C, 30°C and 37°C 
for 3 days. 
2.2.4.2 In liquid medium 
A small amount of culture was picked off using a needle and suspended in 2 mL of 
Burk’s medium in a sterile tube.  The broth was mixed, left for 25 min at room 
temperature, mixed again, and then 100 µL aliquots were dispensed into tubes of 
Burk’s medium and incubated as for solid medium. 
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2.2.5 Antibiotic sensitivity 
Four antibiotics were selected (bacitracin, penicillin G, ampicillin and nalidixic acid) 
for this test as most of the bacteria showed sensitivity to these antibiotics.  Stock 
solutions of each antibiotic were prepared in sterile distilled water to achieve a 
concentration of 1 mg/mL.  The antibiotics were added by filter through a 0.22 µm 
filter to molten Burk’s medium before plates were poured.  A loopful of culture was 
suspended in the antibiotic plates and each plate was replicated three times.  The 
plates were incubated at 30°C and assessed for bacterial growth after 24, 48 and 72 h.  
The positive reaction was that the bacteria grew in plates without but not with the 
antibiotic. 
2.2.6 Effect of pH 
Growth at different initial pH values was assessed by inoculating aliquots of 0.5 mL 
of bacteria in McCartney bottles containing liquid Burk’s medium with the pH 
adjusted to each of 4, 5, 6, 7, 8, and 9 with HCl or KOH.  Bottles were incubated at 
30°C for 48 h and growth assessed. 
2.2.7 Phosphate solubilisation  
The ability of the isolates to solubilise phosphate was assessed on MIS agar medium 
with 2 g/L glucose modified from Illmer and Schinner (1992) (Appendix 1.8).  The 
suspensions were streaked onto plates and incubated at 30°C for 1 week.  The 
formation of clear halos in the cloudy layer of precipitated phosphate was the positive 
appearance. 
 
 
 
 25 
 
2.2.8 Molecular analysis 
Molecular methods were used to identify the isolated bacteria (sequencing), examine 
their diversity (ARDRA - Amplified rDNA restriction analysis), design specific 
primers and to locate them in soil and roots. 
 
2.2.8.1 Nucleic acid preparation 
DNA was extracted by using freeze-thaw cycle methods with a chloroform-phenol 
extraction.  Isolated bacteria were grown for 3 days at 30°C with shaking at 120 rpm 
in 10 ml of Burk’s liquid medium contained in a 50 ml flask.  The cells were 
harvested by centrifugation at 12,000 g for 10 min and then the cells were suspended 
in 200 µl of lysis buffer (10 mM Tris hydrochloride, 2.5 mM MgCl2, and 50 mM 
KCl, pH 8.3).  The sample was plunged in liquid nitrogen for 1 min and then rapidly 
thawed at 65°C in a water bath for 1 min.  These freeze-thaw cycles were repeated 10 
times.  To each tube, 10 µl of 20% sodium dodecyl sulfate (SDS) and approximately 
200 µl of phenol, saturated with the above buffer, were added.  This sample was 
centrifuged in Eppendorf tube for 10 min at approximately 15,000 g and DNA was 
prepared by transferring 200 µl to a fresh Eppendorf tube, adding 350 µl of 95% 
ethanol, placing the tube on ice for 10 min and centrifuging for 20 min at 25,000 g.  
The DNA was suspended in 20 µl of TE buffer (Tris- hydrochloride -EDTA) (10 mM 
Tris hydrochloride, 1mM EDTA, pH 8.0) (Weisburg et al., 1991) and stored at -20°C. 
DNA was quantified by loading 6 µl of this extract into wells of 1.4% (w/v) agarose 
gel in TBE buffer (Tris-borate-EDTA) and electrophoresing at 100V for 30 min.  The 
gel was stained in an aqueous solution of 0.5 mg/ml ethidium bromide for 15 min, 
destained in flowing water for 5 min and examined on a Gel-doc system (Biorad).  
DNA was purified from the extract by excising a small band of agarose (the matching 
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stained DNA was observed on a transilluminator using ultraviolet light at 312 nm) 
from the gel and purifying it using a Qiaquick Gel Extraction kit (Qiagen) according 
to the manufacturer’s instructions.  The DNA was again suspended in TE. 
 
2.2.8.2 PCR amplification 
Approximately 1 µg of genomic DNA was amplified in a 25 µl reaction using two 
universal bacterial primers for 16s rDNA (Weisburg et al., 1991).  The forward 
primer was fD1 (5' -ccgaattcgtcgacaacAGAGTTGATCCTGGCTCAG-3') and the 
reverse primer was rP2 (5'cccgggatccaagcttACGGTTAC CTTGTTACGA CTT-3').  
Each PCR reaction mix was subjected to thermal cycling consisting of an initial 
denaturation of 95°C (2 min), followed by 35 cycles of: denaturation at 94°C (30 s), 
annealing at 55°C (30 s), and extension 72°C (1 min), followed by 9 additional cycles 
of: denaturation at 94°C (30 s), annealing at 47°C (30 s) and extension at 72°C (1 
min, 30 s), with a final extension at 72°C (5 min).  The PCR products were 
electrophoresed in a 1.4% (w/v) agarose gel with TBE buffer at 100 V for 40 min.  
The gel was stained and examined as before. 
 
2.2.8.3 ARDRA profiles 
Amplified rDNA restriction analysis (ARDRA) was performed using the following 
enzymes: Alu1, Dde1, Hae111, Hha1, Hinf1, Msp1, and Rsa1.  A 4 µl aliquot of each 
PCR product was digested with 0.5 U of the restriction enzyme and 0.5 µl of 
corresponding buffer, in a final volume of 20 µl, for 2 h at 65°C.  The digestion 
products were analysed by 2% agarose gel electrophoresis with TBE buffer (Tris-
borate- EDTA), stained with ethidium bromide, and examined on a Gel-doc system 
as previously.   
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The sizes of the fragments were compared with these of a molecular weight marker 
(GenBank) as before.  Fragments were added and compared with size of the original 
bands. 
 
2.2.8.4 Sequencing and analysis of partial 16S DNA 
The amplified 16S rDNA was purified by gel extraction according to the 
manufacturer’s instructions (Qiagen Qiaquick Kit).  Sequencing was performed in 
both directions using one of the primers fD1 or rP2 and the Big Dye method (Applied 
Biosystems) according to the manufacturer’s instructions.  Reaction products were 
purified using ethanol precipitation and sent to Micromon 
(http://www.micromon.monash.org/) at Monash University for sequencing. 
The sequences and chromatograms were viewed using programs downloaded from 
Applied Biosystems and forward and reverse sequences were compared and corrected 
for conformity.  Corrected sequences were uploaded into Biomanager at the 
Australian National Genomic Informatics Services (ANGIS) 
(http://www.biomanager.angis.org.au/).  To search for sequences, the program Blastn 
(Altschul et al., 1997) was used to find the closest match for each in GenBank.  The 
closest ten sequences were downloaded and aligned with the original sequences using 
Clustal W (Thompson et al., 1994) and edited using JALview on Biomanager so that 
all were the same length.  The edited sequences were compared using maximum 
parsimony in the program DNApars (Felsenstein et al., 1989) in Phylip 
(http://evolution.genetics.washington.edu/phylip.html) and the results were displayed 
as a bootstrapped (1000 bootstraps) phylogenetic tree in Mega 4 (Tamura et al., 
2007) (http://www.kumarlab.net/publications).  The isolates were also compared with 
those present in databases (http://go.to/cepacia) comprising reference profiles of all 
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known Burkholderia species (Coenye et al., 2001; Coenye et al., 2003; 
Mahenthiralingam et al., 2000) and B. cenocepacia, B. multivorans, B. vietnamiensis, 
B. pseudomallei, B. mallei, B. cepacia, B. xenovorans (fungorum) and B. 
thailandensis in the finished genome sequencing site 
(http://www.genomesonline.org/gold.cgi). 
 
2.3 Results 
2.3.1 Bacterial isolation 
Bacteria were isolated from both Horsham and Birchip soils.  The colonies formed by 
these bacteria on Burk’s N-free medium were initially glossy and gummy but turned 
into glistening colonies with clear slime upon further growth. 
 
2.3.2 Physiological and biochemical characterisation  
The results of the biochemical and physiological tests are summarised in Table 2.1.  
All isolates from the same site preduced identical results.  The bacteria were Gram 
negative, motile and aerobic.  They had variable oxidase activity and all had catalase.  
Fructose, galactose, glucose, lactose, mannitol, sucrose, inositol, sorbitol, raffinose 
and glycerol were utilised but not maltose.  The bacteria hydrolyed urea, used citrate, 
reduced nitrate to nitrite but not further and grew in both 3% and 5% NaCl.  Tests 
were negative for production of H2S, starch and gelatin hydrolysis, flexirubin 
pigmention, and the Voges Proskauer test.  Isolates could not solubilise phosphate.  
They grew well with both liquid and solid medium at 21°C, 30°C and 37oC but could 
not grow at lower temperatures of 4 and 15oC.  They also grew well at pH 5.0, 6.0, 
7.0, and 8.0 but failed to grow at pH 4.0 and 9.0.  In antibiotic sensitivity tests, 
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selected bacteria showed resistance to bacitracin and ampicillin but were sensitive to 
penicillin G and nalidixic acid. 
Table 2.1 Physiological and biochemical characteristics of selected isolates 
Horsham 
soil 
Birchip 
soil Test No 
- 
 
- Gram stain 
 
1 
+ 
 
+ 
 
Motility 
 
2 
+ 
 
+ 
 
Oxidase 
 
3 
+ + Catalase 4 
- - 
 
H2S production 
 
5 
- - Flexirubin pigmention 6 
 
- - VP test  
 
7 
 
+ 
+ 
 
+ 
+ 
Aerobic growth 
liquid medium 
solid medium 
 
8 
 
- 
- 
 
 
- 
- 
 
Anaerobic growth 
liquid medium 
solid medium 
 
9 
 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Utilisation of carbohydrate 
fructose 
galactose 
glucose 
lactose 
maltose 
mannitol 
sucrose 
inositol 
sorbitol 
raffinose 
glycerol 
glucose 
 
10 
 30 
 
- - 
 
Starch hydrolysis 11 
+ + 
 
Citrate utilisation 12 
+ + 
 
Urease 13 
- 
 
- 
 
Gelatin hydrolysis 14 
 
+ 
- 
 
+ 
- 
Reduction of 
nitrate to nitrite 
nitrite to gas 
 
15 
 
+ 
+ 
 
+ 
+ 
Growth in NaCl 
3% 
5% 
 
16 
 
 
- 
- 
+ 
+ 
+ 
 
- 
- 
+ 
+ 
+ 
 
 
- 
- 
+ 
+ 
+ 
 
- 
- 
+ 
+ 
+ 
Temperature tolerance 
In liquid medium 
4°C 
15°C 
21°C 
30°C 
37°C 
In solid medium 
4°C 
15°C 
21°C 
30°C 
37°C 
 
17 
 
+ 
- 
- 
+ 
 
+ 
- 
- 
+ 
Antibiotic sensitivity 
bacitracin 
penicillin G 
nalidixic acid 
ampicillin 
 
18 
 
- 
+ 
+ 
+ 
+ 
- 
 
- 
+ 
+ 
+ 
+ 
- 
pH tolerance 
4 
5 
6 
7 
8 
9 
 
19 
- - Phosphate solubilisation 
 
20 
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2.3.3 Molecular analysis 
 
PCR amplification of 16s rDNA from all strains with primers fD1 and rP2 showed a 
main band for both Horsham and Birchip isolates of the expected size of 1500 bp 
(Fig 2.2).  The Horsham isolates also showed bands at ~200 bp and about 100 bp.  
There was also a high background, perhaps due to overloading the gel or to other 
products.  All PCR products from Horsham isolates were same, as were all the 
Birchip isolates.  Most 1500 bp bands from Birchip isolates were less intense than 
those amplified from Horsham isolates. 
 
 
Fig 2.2 PCR patterns of Burkholderia isolates from Horsham and Birchip soilRFLP 
analysis (ARDRA) indicated that all isolates from Horsham and Birchip soils showed 
identical patterns to those from the same soils, but that isolates from the different 
soils showed similar but not identical patterns (Fig 2.3). For example, the lanes 4-5 
showed minor differences between isolates from Birchip (lane4) and Horsham (lane 
5) in that the Birchip isolate had an extra band at 150 bp   PCR products cut with 
Dde1, Hha1 and Msp1 but not with Alu1, Hae111, Hinf1 or Rsa1. 
 
 
Birchip isolate Horsham isolate  
500 bp 
1500 bp 
~200 bp 
~100 bp 
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Fig 2.3 PCR-RFLP analysis of 16S rDNA PCR products obtained from Birchip (even 
lanes) and Horsham (odd lanes) isolates with endonucleases Alu1 (lanes 2-3), Dde1 
(lanes 4-5), Hae111 (lanes 6-7), Hha1 (lanes 8-9), Hinf1 (lanes 10-11), Msp1 (lanes 
12-13), and Rsa1 (lanes 14-15).  Lane 1, Molecular weight marker. 
 
Sequences from each site were identical for all strains at each site and were closely 
similar but not identical to those from the other site when aligned.  Blastn searches 
showed that sequences from both sites most closely matched sequences of 
Burkholderia species in GenBank but were not identical to any of them.  The 
sequences from both the Birchip and the Horsham isolates most closely matched 
those from B. phenazinium, B. terrae and unnamed Burkholderia spp. (Figs 2.4, 2.5) 
but neither sequence was closely similar to them. The closest sequence in GenBank 
to those of the Horsham and Birchip isolates was from Burkholderia sp. AB232334, 
which was only 83% homologous. 
 
500 bp 
1    2    3    4    5    6    7   8   9   10  11  12  13  14  15 
1000 bp 
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Fig 2.4 Phylogenetic tree from Maximum Parsimony analysis of 16S rDNA PCR 
product shows the relationship between some Burkholderia sequences and the isolate 
from Birchip.  The accession number of each strain is shown.  
The scles phyhogenatic dislance (0.1 unit = 100 bp)  
 
 
 
Fig 2.5 Phylogenetic tree from Maximum Parsimony analysis of 16S rDNA PCR 
product shows the relationship between some Burkholderia species and the isolate 
from Horsham.  The accession number of each strain is shown. 
The scles phyhogenatic dislance (0.1 unit = 100 bp)  
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When the isolates were compared with those in databases (http://go.to/cepacia) 
comprising reference profiles of all known Burkholderia species (Coenye et al., 
2001; Coenye et al., 2003; Mahenthiralingam et al., 2000) and B. cenocepacia, B. 
multivorans, B. vietnamiensis, B. pseudomallei, B. mallei, B. cepacia, B. xenovorans 
(fungorum) and B. thailandensis in the finished genome sequencing site 
(http://www.genomesonline.org/gold.cgi), there was a lack of similarity of their 
whole cell nucleotide sequence profiles with those of reference strains of all current 
Burkholderia species. 
 
2.4 Discussion 
 
2.4.1 New Burkholderia spp.  
New Burkholderia spp. of N2-fixing bacteria were isolated from wheat field soils at 
both Birchip and Horsham in Victoria.  They were identified and characterised by 
morphological, physiological, biochemical and molecular characteristics as not only 
Burkholderia species, but also new species not closely related to those in current 
databases. 
 
2.4.2 Morphological, physiological and biochemical characterisation 
All morphological characteristics conformed to descriptions of those known from at 
least some Burkholderia species (Sneath et al., 1994). Colonies on Burk’s N-free 
medium were glossy and gummy, becoming slimy later.  Cells were Gram-negative, 
single or in pairs, straight rods or curved with rounded ends and motile, which in 
Burkholderia is described as by means of one polar flagellum (Sneath et al., 1994).  
Motility can be important in assisting the bacteria to reach the plant rhizosphere. 
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Similarly, physiological characteristics of the isolates conformed to those reported for 
other species of Burkholderia.  Isolates required aerobic conditions, had broad 
temperature optima around 30°C and tolerated pH of 5-8 and saline conditions.  All 
of these are characteristic but not diagnostic of Burkholderia species (Coenye et al., 
2001). 
In biochemical traits, a typically wide variety of organic compounds could be used as 
sources of carbon and hence energy for growth, although in retrospect it would have 
been useful to test more biochemical traits, such as those used by Coenye et al. 
(2001).  The isolates could reduce nitrate to nitrite but not to N2 gas, consistent with 
their ability to fix N2 (data not shown); this suggests that in soil they are capable of 
breaking down nitrate-containing fertiliser. 
The isolates were sensitive to penicillin G and nalidixic acid, as is typical of Gram-
negative bacteria (Garrod & O’Grady, 1972).  Their native resistance to two of the 
four antibiotics tested, bacitracin and ampicillin, is a characteristic commonly linked 
to competition and survival in the soil and rhizosphere. 
 
2.4.3 Molecular characterisation 
The lack of close similarity of the sequences of these isolates from Horsham and 
Birchip to those of reference strains of all current Burkholderia species (Coyne et al., 
2001; Coenye et al., 2003; Mahenthiralingam et al., 2000), sequences in GenBank 
and at the Joint Genome Institute (http://www.genomesonline.org/gold.cgi) suggest 
that these isolates are novel Burkholderia species, although not all necessary tests 
have been done to confirm this.  Further work would require, for example, further 
physiological and biochemical tests (Coenye et al., 2001), chemotaxonomic data on 
the major fatty acids and DNA-DNA hybridization with reference strains, as 
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performed for B. terrae from forest soil in Korea (Yang et al., 2006), which had one 
of the most closely related sequences to those from these Australian strains.  Also, 
other parts of the genome could be examined, e.g. the recA gene as used in defining 
groups within the B. cepacia complex (Mahenthiralingam et al., 2000).  Closer 
homologies may appear from current genome sequencing projects, in particular B. 
graminis C4D1M, from senescent corn rhizoplane in France, currently proceeding at 
the Joint Genome Institute of the US Department of Energy 
(http://www.genomesonline.org/gold.cgi?want=Bacterial+Ongoing+Genomes), but it 
was not one of the closest sequences found in GenBank. 
The closest homology obtained was only 83%, with Burkholderia sp. AB232334, a 
fenitrothion-degrading strain isolated from soil in Japan (Tago et al., 2006).  
Fenitrothion is a broad-spectrum organophosphorus pesticide used to control plague 
locusts in agriculture (http://www.apvma.gov.au/chemrev/fenitrothion.shtml).  Tago 
et al. (2006) observed that microcosms rapidly became dominated by Burkholderia 
sp. and this high competitive ability may explain why there was so little diversity in 
the isolates from both the Horsham and Birchip sites – others may simply have been 
out-competed during the repeated liquid cultures before plating and colony picking. 
The other strains to which the Horsham and Birchip isolates were most closely 
related were also isolated from agricultural soils in Japan, and reported as showing a 
wide range of degradative abilities for aromatics, including 2-nitrobenzoate (Iwaki 
and Hasegawa, 2007), 2,4-dichlorophenoxyacetic acid (2,4-D) (Sakai et al., 2007), 
phenanthrene (Kang et al., unpublished, annotation on GenBank sequence) and 
polycyclic aromatic hydrocarbons (PAHs) (Wilson et al., 2003).  This suggests that 
the Burkholderia species isolated from these wheat soils may well be capable of 
degrading more complex substances, such as lignified crop residues, and this would 
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be worthwhile testing in future.  Such abilities would help to make nutrients available 
from crop residues for wheat growth directly and indirectly from providing energy 
for activities such as N2 fixation by the bacteria. 
 
2.4.4 Differences between sites 
Both sequence differences and ARDRA profiles indicated that isolates from Horsham 
and Birchip soil were closely similar but not identical, suggesting that they were 
more closely related to one another than to strains currently described.  It seems, 
therefore, that the similarities in geographical location, climate, soil pH and soil 
cropping history were more important than differences in texture and nutrients 
between the soils (Horsham grey clay versus Birchip brown loam).  There were no 
differences in the tested physiological and biochemical between the strains and this 
suggests lack of narrow specialization to any one environment.  Both sites had pH of 
6.0-6.5 and this, together with their common cropping history dominated by wheat, 
probably dominates any differences in drainage or available nutrients. 
 
2.4.5 Likely plant benefits 
The effects on the wheat crop of the presence of the isolated Burkholderia spp. in the 
wheat soils are not known at this stage, but it is likely that they have effects reported 
for other species in cereal-growing soils.  Some authors have reported that 
Burkholderia spp. can influence plant development, not only directly (i.e. through the 
production of hormones, siderophores, or antibiotics or by P solubilisation or N2 
fixation) but also indirectly through modifications to the activity of other plant- 
microbe interactions (Azcón 1989, 1993).  B. vietnamiensis (Gillis et al. 1995; Trân 
Van et al., 1996),  
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B. kururiensis (Estrada-De los Santose et al., 2001), B. unamae (Caballero et al., 
2004), B. tropica (Reis et al., 2000; Weberet al., 2000) and B. brasilensis (Reis et al., 
2000) were able to fix atmospheric nitrogen.  Neither of the Victorian species 
solubilised P but both had acetylene-reducing activity in liquid culture (data not 
included) and so it is likely that they fix nitrogen and that is one of the major benefits 
potentially provided to wheat. 
Furthermore several inoculation experiments have been carried out to determine the 
BNF (biological nitrogen fixation) contribution to inoculated plants by Burkholderia 
species.  Rice varieties grown in low fertility soil in Vietnam inoculated with the 
Burkholderia vietnamiensis TVV75 strain gave yield increases of 13 to 22% (Tran 
Van et al., 2000).  In Brazil, Burkholderia species associated with rice plants could 
fix 31% of the total nitrogen captured by the plant (Baldani et al., 2000) and the 
inoculation of rice with this endophytic Burkholderia species led to a 69% increase in 
the rice biomass (Baldani et al., 2000). 
Some Burkholderia spp. enter into even closer relationships with plants than 
associative nitrogen fixation.  For example, Sessitch et al. (2005) reported that a new 
species, B. phytofirmans, became endophytic in chickpea, as had previously been 
reported (as Pseudomonas strain PsJNT) in potato (Frommel et al., 1991), tomato 
(Pillay & Nowak, 1997).  Similarly, Ait Barka et al. (2002) and Compant et al. (2005) 
reported that this same strain became endophytic within the xylem in grapevines, 
even reaching the maturing berries (Compant et al., 2008).  The species B. tuberum, 
B. phymatum and B. caribensis were even able to nodulate tropical legume plants 
(Vandamme et al., 2002). 
The recorded benefits for plant growth of PGPR include increases in dry weight and 
in the accumulation of total nitrogen of the plant, in the grain yield and in the weight 
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of the grain, in the germination rate of the seeds, in biocontrol and in changes in the 
duration of the plant growth stages (Boddey and Döbereiner, 1988; Fages, 1994; 
Fallik and Okon, 1996; Pandey et al. 1998). 
In this thesis, the most important aim was to investigate the beneficial effects of 
inoculation of native N2-fixing bacteria Burkholderia spp. on growth and yield of 
wheat.  In Chapter 3, a pot trial was run to test the effects of inoculating wheat with 
these Burkholderia strains on grain yield and nitrogen content to see if they could act 
as biofertilisers and so reduce the cost of nitrogenous fertiliser in growing grain, 
while maintaining or increasing grain protein for food production. 
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Chapter 3 
 
Pot trial inoculated with endemic Burkholderia spp. 
 
3.1 Introduction 
 
Burkholderia strains were isolated from wheat soil at Horsham and Birchip and 
characterized by their morphological, physiological and molecular properties.  
Burkholderia spp. include some plant-growth-promoting rhizobacteria (PGPR) (Trân 
Van, 2000).  Moreover, many other species have the ability to produce compounds 
with antimicrobial activity (Coenye et al., 1999) and thus, to serve as biocontrol 
agents of phytopathogens (Dalmastri et al., 2003; de Souza et al., 2003).  Nitrogen 
fixation (BNF) by associative diazotrophic bacteria is a common process among 
Burkholderia spp.  The ability to fix atmospheric nitrogen, which was initially 
observed only for B. vietnamiensis (Gillis et al., 1995), has been extended to other 
species, e.g. B. kururiensis (Estrada-De los Santos, 2001), B. unamae (Caballero-
Mellado, 2004), B. tropica (Reis, 2004) and B. brasilensis (Weber, 2000) 
 
The effects of inoculating cereals with various PGPB are well documented (Albrecht 
et al., 1981; Reynders and Vlassak, 1982; Rennie et al., 1983; Kloepper et al., 1988).  
Plant growth and yield are usually increased as a result of such inoculations.  In many 
cases, Burkholderia inoculation promoted growth and crop yield of agronomically 
important forage, grain grasses, and legumes.  For example, significant increases in 
plant dry matter and nitrogen accumulation were recorded in wheat inoculated with 
various Burkholderia strains and other rhizosphere bacteria in several spring wheat 
varieties.  Burkholderia species increased nitrogen fixation in the rhizosphere (Gillis, 
1995; Trân, 2000), thus enhancing the overall environment conducive to plant 
growth.  The bacteria may also increase plant growth by increasing the availability of 
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nitrogen in low-nitrogen soils and, more importantly in some strains, by producing 
plant growth substances such as indole-3-acetic acid (IAA) (Tabacchioni et al., 
1993).   
Aims 
The main objective of this study was to investigate the effects of inoculation of wheat 
with the diazotrophic bacteria Burkholderia species isolated in Chapter 2 on yield of 
wheat. 
 
3.2 Materials and Methods 
 
3.2.1 Experimental design 
 
The experiment was conducted in pots in a polyhouse with natural lighting at 
controlled temperature with three replicates using a split split-plot design (Fig 3.1).  
Plants were grown from seed in pots 25 cm diameter and 25 cm deep containing 7 kg 
of soil and four wheat (Triticum aestivum L.) plants.  The soft mellow wheat “Yitpi” 
was used with 100 kg N/ha of seeding rate because this variety is widely sown in 
Victoria.  The wheat was obtained as a gift from the Australian Wheat Board (AWB).  
The trial was sown at NMIT (Northern Melbourne Institute of TAFE) on 27th October 
2004.  The wheat was grown for 18 weeks until the harvest date of 17th February 
2005. 
3.2.2 Preparation of soil for cultivation  
The soil used was collected from two locations, Birchip (brown loam) and Horsham 
(grey clay), Victoria, in May 2004 by Dr Grant Hollaway, DPI Horsham.  Prior to 
commencement of the experiment, bulk soil was air-dried and passed through a 5 mm 
sieve.  Random samples were sent to Incitec Pivot Pty Ltd for chemical and physical 
analysis (Table 3.1). 
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48 Pots of Birchip soil                                           48 Pots of Horsham soil 
                   Inoculated                                                                 Uninoculated 
 
                     Uninoculated                                                                    Inoculated 
 
                   Inoculated                                                                       Uninoculated 
 
                  Uninoculated                                                                        Inoculated 
 
                   Uninoculated                                                                       Inoculated 
 
                     Inoculated                                                                           Uninoculated 
 
Fig.3.1. Treatments for pot trials.  (A.S) ammonium sulphate, (U) urea. 
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 Table 3.1 Physical and chemical properties for Birchip and Horsham soils 
 
 
 
 
Horsham soil 
 
 
Birchip soil 
 
Test 
 
Nil 
Nil 
Nil 
Nil 
Partial 
Clay 
Grey 
 
 
6.0 
 
49.12 
 
110.0 
1.0 
41 
0.79 
0.70 
2.00 
3.20 
10.00 
1.74 
0.77 
 
20 
150 
1090 
8.4 
8.50 
39.00 
6.92 
0.41 
2.79 
 
 
Nil 
Nil 
Nil 
Nil 
Partial 
Loam 
Brown 
 
 
6.5 
 
41.98 
 
40.0 
1.70 
63 
0.89 
0.58 
3.40 
4.80 
36.00 
2.50 
1.20 
 
30 
120 
1210 
9.2 
4.30 
31.50 
6.25 
1.13 
3.10 
 
Dry dispersion
 
Dry dispersion 20Hr2 
Remoulded dispersion 
 
Remoulded dispersion 20Hr2 
Slaking 2 h 
Soil texture 
Soil color 
 
 
pH 
 
Total Cation Exchange Capacity (meq/ 
100 gm) 
Nitrate nitrogen NO3 (mg/ kg) 
Ammonium (mg/ kg) 
Phosphorus- Colwell (P) (mg/ kg) 
Zinc (Zn) (mg/ kg) 
Copper  (Cu) (mg/ kg) 
Manganese (Mn) (mg/ kg) 
Boron (B) (mg/kg) 
Chloride (Cl) (mg/ kg) 
EC of saturated extract (ECe) (ds/m 
Organic Carbon (OC) (%) 
 
Phosphorus- Olsen (mg/ kg) 
P Buffer Index (PBI) 
Available potassium (mg/ kg) 
Available sulphur- MCP (S) (mg/ kg) 
Iron (Fe) (mg/ kg) 
Calcium (Ca) (meq/ 100 gm) 
Magnesium (Mg)(meq/ 100 gm) 
Sodium (Na) (meq/ 100 gm) 
Potassium (K) (meq/ 100 gm) 
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3.2.3 Fertiliser Treatment 
All pots were fertilised with superphosphate at planting (100kg P/ha) as a source of 
phosphorus.  Two types of nitrogen fertiliser - urea (NH2)2CO and ammonium 
sulphate (NH4)2SO4 were used at four levels (0, 50, 100, 150 kg N/ha) for each soil 
type at sowing, in order to test the effect of fertiliser quality as well as to test the 
effect of each level on the inoculation with Burkholderia.  The nitrogen fertiliser was 
added in three equal doses through the growth season.  The first dose of N fertiliser 
was added at sowing, the second at 8 weeks and the third 4 weeks after addition of 
the second.  Plants were watered as needed, approximately twice a week.  Horsham 
soil was very clayey and plants became waterlogged at about 6 weeks due to 
blockage of the drainage holes. 
 45 
 
3.2.4 Bacterial Isolation (Burkholderia) 
Burkholderia isolates were obtained from Birchip and Horsham soils as described in 
Chapter 2.  These were grown in 25 mL of nitrogen free Burk’s growth medium.  The 
initial pH was adjusted to 7 and incubated on a shaker for 5 days at 30oC.  The bacterial 
growth was tested by streaking onto Burkholderia media plates and incubating for 3 days at 
30oC. 
 
 
Fig 3.2 Burkholderia isolates from Horsham (R) and Birchip (L) 
in liquid Burk’s medium at 5 days at 30oC and streaked on the solid medium 
 
 
 
 
 
 
 
 
 
 
 
Fig 3.3 Burkholderia spp. isolated from Birchip (R) and Horsham (L) soil 
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3.2.5 Seed inoculation 
Wheat grains for inoculated treatments were mixed with flour and liquid medium 
containing bacteria.  Each grain was totally coated with the mixture contening bacteria 
from the same soil (Figs 3.5, 3.6).  Inoculated grains were left for approximately 12 h to 
air-dry out of direct sunlight. 
 
 
Fig 3.4 Burkholderia cultures, wheat grains and flour. 
 
 
 
 
Fig 3.5 Wheat grains after mixing. 
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3.2.6 Harvest and N analysis 
 
Plants were harvested at maturity (18 weeks).  Grain was dried at 65°C for 72 h and then 
ground in a coffee grinder, digested, and analysed for total N by the Kjeldahl method.  
Aliquots of 100 mg of oven-dry, ground samples were placed in a 100 mL Kjeldahl flask 
with 1 g of zinc dust and 20 ml of 98% H2SO4.  The flasks were swirled and allowed to 
stand for about 10 minutes followed by heating to boiling at about 300oC.  Heating was 
continued until the digest was clear.  After cooling, the contents were transferred into a 100 
mL volumetric flask were made up to 100 mL with distilled water.  The concentration of N 
in the digest was determined by distillation with 10 mL of 40% NaOH followed by titration 
of the trapped distillate in 2% H3BO3 with 0.005 M H2SO4. 
 
3.2.7 Statistical Analysis 
Data from the pot experiment were statistically analysed using Minitab14 software 
(Version 13.20, Minitab 2004).  After checking data for normality, three-way analysis of 
variance was performed and the significance of differences between the means was 
determined using Tukey's family error test at a probability of P = 0.05. 
 
3.3 Results 
3.3.1 Effect of inoculation on %N in plant  
In Birchip soil, %N in plants was significantly affected by the factors inoculation and N 
level, but not N type, and there were significant interactions between inoculation and N 
level (Table 3.2, Fig 3.6).  By contrast, in Horsham soil %N in plants was significantly 
affected only by the factor N level, but not inoculation or N type, and there were significant 
interactions between inoculation and N level, and inoculation and N type (Table 3.3, Fig 
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3.7).  There was thus no significant effect of N type in either soil.  In both soils, there was a 
significant increase in plant %N with inoculation, at 0-100 kg N/ha but not 150 kg N/ha 
(Figs 3.6, 3.7).  The maximum plant %N was reached at 100 kg N/ha in inoculated 
treatments but not till 150 kg N/ha in uninoculated treatments.  There was a significant and 
uniform increase in %N in plant with N levels in uninoculated treatments, from 0 to 150 kg 
N/ha.  By contrast, the maximum plant N was reached in inoculated plants at 100 kg N/ha 
with either (NH4)2SO4 or urea, in both Birchip and Horsham soils.  In general, trends in 
plant %N followed these in grain %N, although the %N in plants (0.1- 0.45%) was much 
less than that in grain and was more uniform between soils. 
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Table 3.2 Effect of inoculation, N type and N level on plant %N/pot in Birchip soil. 
 
 
 
Table 3.3 Effect of inoculation, N type and N level on plant %N/pot in Horsham soil. 
 
Source DF SS MS F P Significance 
Inoculation 1 0.03564 0.03564 37.68 <0.05 * 
N level 3 0.49840 0.16613 175.62 <0.05 * 
N type 1 0.00106 0.00106 0.08 >0.05 NS 
N level x inoculation 3 0.02715 0.00905 9.57 <0.05 * 
N type x inoculation 1 0.00224 0.00224 0.18 >0.05 NS 
N level x type 3 0.00493 0.00493 0.70 >0.05 NS 
3-way interaction 3 0.00176 0.00006 0.68 >0.05 NS 
Error 32 0.02783 0.00087    
Total 47 0.59905     
Source DF SS MS F P Significance 
Inoculation 1 0.03208 0.03208 2.40 >0.05 NS 
N level 3 0.52678 0.17559 164.85 <0.05 * 
N type 1 0.00041 0.00041 0.03 >0.05 NS 
N level x inoculation 3 0.01985 0.00661 6.12 <0.05 * 
N type x inoculation 1 0.00042 0.00042 0.03 >0.05 NS 
N level x type 3 0.00443 0.00147 0.66 >0.05 NS 
3-way interaction 3 0.0100 0.0033 3.19 <0.05 * 
Error 32 0.02731 0.00085    
Total 47 0.62133     
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Fig 3.6 Effect of inoculation on plant %N in Birchip soil. 
Bars = 2 x SE (standred error) 
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Fig 3.7 Effect of inoculation on plant %N in Horsham soil. 
Bars = 2 x SE (standred error) 
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3.3.2 Effect of inoculation on grain dry weight 
All seed grew into wheat plants in all treatments, but not all produced grain.  Grain yield 
per pot ranged from 0 to 6 g/pot (Figs 3.8, 3.9).  Inoculation increased grain yield. 
 
In Birchip soil, grain yield was significantly affected by the factors inoculation, N type, and 
N level and there was a significant interaction between N level and N type and between 
Nlevel and inoculation. (Table 3.4, Fig 3.8).  Inoculation increased grain yield with 50-100 
kg N/ha ammonium sulphate, but irregularly, with only 100 kg N/ha urea (Fig. 3.8).  
Generally yield was greater with ammonium sulphate than with urea.  With ammonium 
sulphate, increasing N level increased grain yield uniformly in uninoculated treatments, but 
only up to 100 kg N/ha in inoculated treatments, as for plant %N.  With urea, increasing N 
level had no effect in uninoculated treatments but followed a similar trend to ammonium 
sulphate in inoculated treatments.  The greatest grain yield was with 100 kg N/ha 
ammonium sulphate
 
and inoculation, which was twice that without inoculation and 20% 
greater than with 150 kg N/ha (NH4)2SO4 and no inoculation (Fig 3.8).  Yields with urea 
were much less in total but proportionately the same. 
 
In Horsham soil, by contrast, grain yield was significantly affected only by the factor 
inoculation, but there were significant interactions (Table 3.5, Fig 3.9).  Grain yield was 
poor or non-existent in most pots and plants were relatively small.  Inoculation increased 
grain yield only with 0-50 kg N/ha and only in Birchip but not Horsham soil (Fig 3.10). 
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Table 3.4 Effect of inoculation, N type, and N level on grain weight/pot in Birchip soil. 
Source DF SS MS F P Significance 
Inoculation 1 10.502 10.502 15.132 <0.05 * 
N level 3 22.507 7.502 10.810 <0.05 * 
N type 1 19.097 19.097 27.517 <0.05 * 
N level x inoculation 3 11.846 3.949 5.690 <0.05 * 
N type x inoculation 1 0.377 0.377 0.543 >0.05 NS 
N level x N type 3 12.750 4.250 6.124 <0.05 * 
3-way interaction 3 4.780 1.593 2.296 >0.05 NS 
Error 32 22.218 0.694    
Total 47 104.077     
 
 
Table 3.5 Effect of inoculation, N type, and N level on grain weight/pot in Horsham soil. 
Source DF SS MS F P Significance 
Inoculation 1 1.0555 1.0555 6.397 <0.05 * 
N level 3 0.1610 0.05367 0.325 >0.05 NS 
N type 1 0.5976 0.5976 3.621 >0.05 NS 
N level x inoculation 3 4.0579   1.35262   8.198 <0.05 * 
N type x inoculation 1 1.1102 1.1102 6.728 <0.05 * 
N level x N type 3 4.3120 1.4373 8.711 <0.05 * 
3-way interaction 3 1.7989 0.5996 3.634 <0.05 * 
Error 32 5.276 0.165    
Total 47 18.3691     
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Fig 3.8 Effect of inoculation on grain dry weight (g/pot) in Birchip soil. 
Bars = 2 x SE (standred error) 
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Fig 3.9 Effect of inoculation on grain dry weight (g/pot) in Horsham soil. 
Bars = 2 x SE (standred error) 
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Fig 3.10 Effect of inoculation on grain dry weight in two types of soil. 
Bars = 2 x SE (standred error) 
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3.3.3 Effect of inoculation on %N in grain 
 
 
The %N in grain ranged from 1 to 3.1% (Figs 3.11, 3.12).  %N was significantly affected 
by the factors inoculation, N type and N level in each type of soil, and there were 
significant interactions between inoculation and N level for both soils between  inoculation 
and N type (Horsham soil only) and N level and N type (Birchip soil only) as well as 3-way 
interactions (Tables 3.6 and 3.7). 
 
Inoculation increased %N in grain, but only at greater doses of N, to a maximum increase 
at 100 kg N/ha.  Increasing N level increased grain %N, uniformly in uninoculated 
treatments but only up to 100 kg N/ha in inoculated treatments and then further increase 
having no effect or decreasing yield (Figs 3.11, 3. 12).  There was a critical level of N level 
required for inoculation to increase grain %N; adding N fertiliser increased of grain %N 
significantly over the control up to the highest 150 kg N/ha level.  There was also a 
significant different with fertiliser type; grain %N with ammonium sulphate
 
was uniformly 
greater than with urea in inoculated treatments in both soils.  The maximum %N in grain 
was reached in inoculated treatments with 100 kg N/ha as ammonium sulphate in Birchip 
soil (Fig 3.11). 
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Table 3.6 Effect of inoculation, N type, and N level on grain %N in Birchip soil. 
Source DF SS MS F P Significance 
Inoculation 1 1.6365 1.6365 566.262 <0.05 * 
N level 3 9.8691 3.28970 1138.30 <0.05 * 
N type 1 0.5571 0.5571 192.768 <0.05 * 
N level x inoculation 3 1.0327 0.34423 122.939 <0.05 * 
N type x inoculation 1 0.0078 0.0078 2.6989 >0.05 NS 
N level x type 3 0.0602 0.02005 6.9377 <0.05 * 
3-way interaction 3 0.07086 0.02362 8.1730 <0.05 * 
Error 32 0.09254 0.00289    
Total 47 13.3268     
 
 
Table 3.7 Effect of inoculation, N type, and N level on grain %N in Horsham soil. 
 
 
 
 
 
 
Source DF SS MS F P Significance 
Inoculation 1 0.6919 0.6919 12.159 <0.05 * 
N level 3 9.2194 3.2194 56.579 <0.05 * 
N type 1 0.2950 0.2950 5.1845 <0.05 * 
N level x inoculation 3 0.8931 0.29769 5.232 <0.05 * 
N type x inoculation 1 0.3847 0.3847 6.7609 <0.05 * 
N level x type 3 0.2443 0.08143 1.431 >0.05 NS 
3-way interaction 3 0.524 0.208 3.655 <0.05 * 
Error 32 1.8194 0.0569    
Total 47 14.0718     
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Fig 3.11 Effect of inoculation on %N in grain in Birchip soil. 
Bars = 2 x SE (standred error) 
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Fig 3.12 Effect of inoculation on %N in grain in Horsham soil. 
Bars = 2 x SE (standred error) 
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3.3.4 Effect of inoculation on total N in grain 
Total grain N was affected by the factors multiplied together, grain dry weight/pot and 
grain %N/pot.  Effects therefore differed between soils.  Inoculation increased total N in 
Birchip but not in Horsham soil. 
 
In Birchip soil, total grain N was significantly affected by the factors inoculation, N type 
and N level and there were significant interactions between inoculation and N level, and N 
type and N level (Table 3.8).  There was a significant increase in total N in grain with 
inoculation, but only at 100 kg N/ha (Fig. 3.13).  N level increased total grain N uniformly 
in uninoculated treatments, but only till 100 kg N/ha in inoculated treatments, after which 
total grain N halved at 150 kg N/ha (Fig. 3.13).  There was a critical N level above which 
inoculation increased total grain N; adding 50 kg N /ha did not increase grain total N 
significantly over the control, but adding 100 kg N/ha or 150 kg N/ha did.  There was also 
a significant difference with fertiliser type; total grain N with ammonium sulphate
 
was 
greater than with urea.  The maximum total N in grain was reached in the inoculated 
treatments with 100 kg N/ha as ammonium sulphate
 
(Fig 3.13). 
 
In Horsham soil, by contrast, total grain N was only significantly affected by N type, 
although there were significant interactions between inoculation and N level, and between 
N level and N type (Table 3.9, Fig. 3.14).  In inoculated treatments, total grain N declined 
with increasing dose of ammonium sulphate, but N level had no effect in uninoculated 
treatments.  With urea, effects were too irregular to see a clear trend with either inoculation 
or N level (Fig 3.14).  Grain yield and hence total N were very low. 
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Table 3.8 Effect of inoculation, N type, and N level on grain total N in Birchip soil. 
Source DF SS MS F P Significance 
Inoculation 1 111.7 111.7 12.87 <0.05 * 
N level 3 361.73 120.576 5.70 <0.05 * 
N type 1 159.43 159.43 9.54 <0.05 * 
N level x inoculation 3 164.37 54.791 5.85 <0.05 * 
N type x inoculation 1 6.12 6.12 0.37 >0.05 NS 
N level x N type 3 101.14 33.712 3.46 <0.05 * 
3-way interaction 3 266.72 88.906 9.492 <0.05 * 
Error 32 374.65 9.366    
Total 47 1012.42     
 
 
Table 3.9 Effect of inoculation, N type, and N level on grain total N in Horsham soil. 
Source DF SS MS F P Significance 
Inoculation 1 2.4745 2.4745 2.20 >0.05 NS 
N level 3 1.7712 0.5904 0.60 >0.05 NS 
N type 1 5.6745 5.6745 5.05 <0.05 * 
N level x inoculation 3 9.879 3.2938 2.88 <0.05 * 
N type x inoculation 1 2.2717 2.2717 2.02 >0.05 NS 
N level x type 3 12.78 4.2613 4.30 <0.05 * 
3-way interaction 3 14.626 4.875 3.936 <0.05 * 
Error 32 39.632 1.385    
Total 47 59.8617     
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Fig 3.13 Effect of inoculation on total N in grain in Birchip soil. 
Bars = 2 x SE (standred error) 
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Fig 3.14 Effect of inoculation on total N in grain in Horsham soil. 
Bars = 2 x SE (standred error) 
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3.4 Discussion 
Stimulatory effects of inoculation with Burkholderia strains were obtained on plant %N, 
grain dry weight, grain %N and total grain N yield with increasing N fertiliser levels up to 
100 kg N/ha in Birchip but not Horsham soil in this pot trial with wheat.  Soils thus differed 
in response to inoculation.  In Horsham soil, wheat growth and grain yield were very poor 
and no conclusions could be reached on the effects of inoculation, as discussed later in 
more detail. 
 
3.4.1 Birchip soil  
The significant increases in grain yield and total N with inoculation with endemic 
Burkholderia strains suggest that these free-living N2-fixing bacteria have the potential to 
increase wheat production, but that their main effect is reached with supplementary N 
fertiliser.  Inoculation with endemic Burkholderia spp. improved plant %N, grain dry 
weight, grain %N and total grain N and so gave greater production than uninoculated 
treatments.  This suggests that nitrogen nutrition, a major factor in limiting wheat 
production, improved in the wheat, at least in treatments with less than 150 kg N/ha.  
Wheat plants would have responded (in the absence of any other limiting factors) by giving 
improved plant growth and photosynthetic surface, which ultimately led to increased grain 
production with a greater N and hence protein content.  That N is limiting in the pots is 
suggested by the uniform increase in all parameters with increase in N level in all 
uninoculated treatments. 
 
These data suggest that these bacteria have N2-fixing ability when inoculated into the pots 
and thus can improve N nutrition in the plant and grain.  Nitrogen fixation (acetylene 
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reduction) was observed in the bacteria growing in liquid culture, but the records were lost 
and ARA (acetylene-reducing ability) was not assessed in pot soils during growth due to 
difficulties with polyhouse access; hence no quantification of its importance in the gain in 
plant and grain N is possible.  In future, nitrogen fixation should be assessed by measuring 
the ARA at intervals in pot soils during growth.  The improvements in grain N content in 
the Birchip pots are similar to those estimated with Burkholderia species inoculated in 
wheat previously (Hegazi et al., 1998; Kennedy et al., 1998; Kennedy and Islam, 2001; 
Okon and Labandera-Gonzalez, 1994), maize (Riggs et al., 2001) and rice (Baldani et al., 
2000; Van et al., 2000) but less than sugarcane (Reis et al., 2000). 
 
In addition to their N2-fixing ability some Burkholderia strains have direct and indirect 
effects such as enhanced uptake of nutrients, suppression of pathogenic bacteria in the 
rhizosphere.  Also, increased production of plant growth hormones by bacteria and/or roots 
is known as a reaction to bacterial infection at the root interface (Kapulnik et al., 1985). 
 
The optimum improvement in grain yield and N content was obtained at 100 kg N/ha.  This 
seemed to be a critical level at which there was a synergistic effect of inoculation and N 
level.  If the inoculated bacteria were fixing N2, it is likely that this activity would be 
inhibited by the presence of NH3 or NH4+ in the soil or rhizosphere and that the inhibition 
would increase with concentration of either of these (Dobbelaere et al., 2000).  This is also 
suggested by the significant interactions observed between inoculation and N level. 
 
N fertilizer type had a large influence on the improvement observed with inoculation, in 
that ammonium sulphate produced much greater gains on inoculation than urea, such that 
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the grain yield and N content doubled with ammonium sulphate compared with either 50 or 
150 kg N/ha in either inoculated or uninoculated treatments a greater gain than with urea.  
Yield was generally greater with ammonium sulphate [(NH4)2SO4] than with urea 
[(NH2)2CO] and plants were much more responsive to ammonium sulphate than urea.  This 
suggests that some aspect of fertilization with urea reduces plant growth.  Urea is readily 
broken down in the soil within 2-4 days to NH3 and CO2, by the enzyme urease in the 
presence of soil moisture, as shown below (Overdahl et al., 1991): 
CO(NH2)2 (urea) + H2O + urease 2NH3 +CO2 
 
As the urea particle dissolves, high concentrations of NH3 and high pH develop around it.  
This can be extremely toxic until the free ammonia either volatilizes or dissolves to give 
NH4+ ions.  Roots, particularly seedling roots, can be killed, with reductions in seedling 
numbers and yield recorded when urea is placed with the seed rather than side-dressed 
(Overdahl et al., 1991).  As a guide to the rapidity of breakdown, 10-20% of surface-
applied urea would be expected to break down and 10-22% of the NH3 to volatilize within 
10 days at a  temperature of 15-23°C and a soil pH of 5.5-6.5, the range of the Birchip and 
Horsham temperatures and soils during wheat growth (Overdahl et al., 1991).  Some 
authors, however, report much higher rates, of 80-90% breakdown within 2-4 days at 10-
26°C, with greater proportions of the NH3 not volatilised as pH increases above 8 (Bundy, 
2001).  Factors that increase NH3 volatilisation from surface-applied urea are: lack of soil 
moisture or drying conditions after application, presence of crop residues, high soil 
temperature and pH and low soil CEC (Bundy, 2001).  To the extent that rapid loss of 
effectiveness is a problem, there are currently products on the market that are claimed to 
retard the enzymatic hydrolysis of urea, e.g. NBPT (NICNAS, 1997).   
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The presence of the urea and the high NH3 and pH that resulted in the pots would, in turn, 
have affected health of the roots of wheat, which is very sensitive to urea (Overdahl et al., 
1991) and hence plant growth and yield.  It is also likely that it would have a direct effect 
on the growth and activity of the inoculated bacteria, especially as both strains possessed 
urease activity (Chapter 2) and so would have been able to break down urea in the pots.  
The Burkholderia strains had pH tolerance ranges of 5-8 (Chapter 2) and their growth 
would have been affected if pH rose above this.  In retrospect, it would have been a good 
idea to measure soil pH during the pot trial to see any effects of adding the various 
concentrations of fertilisers and it should be done in future. 
 
There are also likely to be differences in how much N is absorbed by the plants from the 
amount of applied N.  Plants prefer ammonium ions (NH4+) as a better and more readily 
available source of nitrogen than NH3 (Wilson et al., 2001).  These two forms of N would 
also be expected to have different effects on N2-fixation by the inoculated Burkholderia 
strains, as (Gan et al., 2004) observed that NH4+ ions were less inhibitory to N2-fixation 
than free NH3.  Thus rates of N2-fixation with ammonium sulphate would be likely to be 
greater than those with urea and this could explain the differences in grain yield and total N 
between the fertilisers. 
 
3.4.2 Horsham soil 
Although plant %N responded in parallel to trends seen in Birchip soil, plants were small 
and grain yield was absent or low without corresponding increases in grain yield or total 
grain N.  This may be result of soil waterlogging, caused by heavy rain and flooding inside 
the polyhouse, where the pots were sitting on the ground.  The heavy clay-restricted 
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drainage and may also have impeded movement of fertiliser in soil and of bacteria around 
the roots.  The clay soil absorbs water and swells to form an airless colloid, which would be 
expected to cause a drastic reduction in oxygen supply to the roots of the plant, limiting the 
uptake of other minerals and reducing growth and yield (Van Rees, 1997).  As the soil 
dries, it forms a hard cracking cake and this may have physically damaged the roots as well 
as making it difficult to rewet. 
 
Alternatively, other biological, chemical or physical properties of the soil may be limiting 
plant growth, but the Horsham soil did not have vastly different chemical properties from 
that of the Birchip soil and its total CEC, Na and Cl concentrations were within an order of 
magnitude.  The only notable difference was the greater concentration of NO3-, presumably 
residues of previous cropping at the site in the prevailing dry conditions.  It therefore 
seemed unlikely that conditions such as soil pH, high sodicity and high salinity, which have 
the potential to limit wheat crop growth (Bezrukova et al., 2008; Hu et al., 2008; 
Yermiyahu et al., 2008), could have restricted wheat growth.  No conclusions could 
therefore be reached about the effect of inoculation in Horsham soil. 
 
3.4.3 General effects 
This increase in grain yield and total N by inoculation with endemic Burkholderia species 
in at least the Birchip soil shows that these bacteria have the potential to increase wheat 
yield, but that their optimum effect is only reached with supplementary nitrogen fertiliser.  
This suggests that efforts to increase the rhizoplane and the rhizosphere populations of 
these organisms, either by inoculation or by agronomic practices that maintain them, could 
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potentially partially replace nitrogen fertilisers and their cost for Australian farmers and so 
warrants further research. 
 
The Birchip pot trial results suggest that this Burkholderia strain as a biofertiliser could 
play an important role in improving crop yield through better N supply and reduced N 
fertiliser inputs.  Pot trials, however, have considerable limitations and there are many 
examples of large increases in plant and grain biomass and N content in pots that have not 
been repeated in the field, e.g. (Shaharoona et al., 2007).  Important factors like rhizosphere 
biological nitrogen fixation and rhizosphere populations of the inoculant were not 
measured and the location of the Burkholderia relative to the plant is unknown.  There 
seemed therefore to be two important next steps: 
(1) to run a field trial in the localities from which the soil came to see if 
the pot trial results could be repeated in the field (this was done in 
Chapter 4) 
(2) to run a more controlled pot trial controlling the watering and 
drainage of the soils and measuring important parameters like 
nitrogen fixation and rhizosphere populations of the inoculum during 
the life cycle of the wheat, from seeding to harvest (this was done in 
Chapter 5). 
In the next chapter (Chapter 4), field trials at Horsham and Birchip will be evaluated to see 
the effects of inoculation of wheat with these diazotrophic Burkholderia spp. on plant 
growth and yield of wheat under different cultivation conditions. 
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Chapter 4 
 
 
Effect of Burkholderia inoculants on the yield and nitrogen uptake by 
field-grown wheat under different cultivation conditions 
 
 
 
4.1 Introduction 
In the pot trial in Chapter 3, inoculation with Burkholderia strains isolated from Birchip 
and Horsham wheat field soils increased plant %N in soils at both sites but increased grain 
yield (dry weight), %N and total grain N per pot only in the Birchip soils.  No conclusion 
could be reached on yield in Horsham soil due to over-riding problems with waterlogging, 
resulting in little grain yield.  The Birchip results and the increase in plant %N in both soils 
suggested that inoculating with Burkholderia strains might improve parameters of plant 
%N and possibly grain yield, %N and total grain N per plant in the field.  The only way to 
test this was to run field trials in these soils with these inoculants. 
 
Nitrogen is one of the most limiting nutrients in growing crops and the main limiting factor 
of crop productivity.  Using biofertilisers containing beneficial microorganisms allows the 
use of biological N2 fixation instead of synthetic chemicals with non- legume as well as 
legume plants.  Biofertilisers can play a significant role in plant nutrition (Kennedy and 
Roughley, 2002) by improving growth through supplying mineral nutrients, especially 
nitrogen, and so help to sustain environmental health and soil productivity, as well as lower 
costs for fertilisation (O’Connell, 1992; Vance, 1979). 
 
Application of Burkholderia inoculants as biofertilisers has resulted in improved growth 
and increased yield of several cereal crops (Omar et al., 1992; Trân Van et al., 2000).  Field 
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trials performed that compared different Burkholderia strains isolated from plants in 
Mexico and other countries, including Brazil, fixed nitrogen, as demonstrated by Santos et 
al. (2001).  As well, an endophytic Burkholderia species isolated from rice in Brazil fixed 
31% of the total nitrogen captured by the plant (Baldani, 2000) and the inoculation of rice 
with this endophytic Burkholderia species led to a 69% increase in the rice biomass 
(Baldani, 2000).   
 
The positive effects exerted by the bacteria are not confined to the fixation of atmospheric 
N2, but to a combination of mechanisms, including the synthesis of phytohormones and 
vitamins (Dobbelaere 2003), by the so-called plant-growth promoting rhizobacteria 
(PGPR), including Burkholderia.  Rice plants inoculated with B. vietnamiensis, which both 
fixes N2 and produces indole acetic acid (IAA) increased both plant and grain yield and 
nitrogen content (Tabacchioni 1993). Despite investigations of the physiological and 
genetic properties of Burkholderia bacteria recently greatly intensifying, there is still 
relatively little known on the role of these bacteria in plant growth promotion, and 
relationships among these bacteria, plants and other microorganisms in the rhizosphere. 
 
The aim of this chapter was to test the effects of inoculating of wheat with the same 
diazotrophic bacteria (Burkholderia strains) on the growth and yield of wheat in the field at 
the two sites (Birchip and Horsham) under prevailing climatic conditions with a common 
level of phosphorus and varied rates of application of nitrogenous fertilisers (urea & 
ammonium sulphate).  Because of the prevailing dry conditions (drought in many parts of 
Victoria 2002-current), it was anticipated that yields might be reduced compared with 
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normal and so the opportunity was taken also to sow an irrigated trial, details of which are 
given later. 
 
4.2 Materials and Methods 
4.2.1 Experimental design  
The three field experiments were conducted in 2006 in two different locations, one at the 
Birchip Cropping Group experimental site near Birchip (Victoria) and the others (dry field 
and irrigated field) at the experimental area of the Department of Primary Industry (DPI), 
Horsham Centre, near Horsham (Victoria), from which the soil samples were taken and 
used in Chapter 3 (pot trial). 
 
Grain was sown without fungicide 70-80 mm deep.  The fertiliser MAP (mono-ammonium 
phosphate 22% P) was applied at 100 kg ha-1 at sowing on the following dates, but no 
pesticide was applied at planting or during growth: 
 
Site Type Date of planting Site provided by 
Birchip Dryland 31/5/06 Birchip Cropping Group 
Horsham  Dryland 6/7/06 DPI Victoria 
Horsham Irrigated 21/7/06 DPI Victoria 
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4.2.2 Rainfall and temperature 
Data on the rainfall and maximum and minimum temperature for 2006 and the latest 30-
year mean were downloaded from the Bureau of Meteorology (http://www.bom.gov.au) for 
both 2006 (the year of the field trial) and the mean data for the 30 years 1971-2000.  The 
data from the closest weather stations to Birchip (Warracknabeal museum station) and 
Horsham (Polkemet station) were used. 
 
For Birchip in 2006, rainfall was much below the mean, especially during the wheat 
growing period in August and October, whereas temperatures were similar to the means, 
except for minimum temperature being ≤5C° cooler in May-June (Fig. 4.1). 
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Fig 4.1 Rainfall and temperature data for 078077 Warracknabeal Museum, the closest 
weather station to the Birchip site in 2006 compared with mean data (1971-2000) for that 
site (Source: Bureau of Meteorology (http://www.bom.gov.au). 
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For Horsham in 2006, rainfall was also much less than the mean, especially in June and 
October, during the wheat growing period.  Temperature was close to average for the 
maxima, but 1-5C° cooler than normal. 
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Fig. 4.2 Rainfall and temperature data for 079023 Horsham (Polkemmet Road), the closest 
weather station to the Horsham site in 2006, compared with mean data (1971-2000) for that 
site (Source: Bureau of Meteorology (http://www.bom.gov.au). 
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The field experiments were arranged in a split plot factorial arrangement, on a block 
randomised design, with four treatments: control, bacterial inoculation and two types of 
fertiliser (urea 46% N and ammonium sulphate 21% N) at four levels (0, 50, 100, 150 kg 
N/ha) for each soil type, giving a total of 16 treatments with three replicates at the Horsham 
sites (Fig 4.3) and four replicates at the Birchip site (Fig 4.4). 
 
 
Fig 4.3 Experimental design for Horsham dry and irrigated sites. 
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Fig 4.4 Experimental design for Birchip dryland field site. 
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The main plots were subjected to nitrogen fertiliser treatments, whereas split plots 
comprised inoculation or its absence.  Split-split plots were levels of N fertilisers.  At 
Birchip each plot was 1 m x 12.5 m with four replicates utilising a complete randomised 
block design and at Horsham each plot was 12.1 m long × 1 m wide (both with 1 m inter-
row spacing).  Plots consisted of two split plots with a two-row border to avoid cross-
contamination between the treatments.  At sowing, each plots received one of two types of 
nitrogen fertiliser (urea 46% N or ammonium sulphate 21% N) at one of four levels (0, 50, 
100, 150 kg N/ha). 
 
Treatments with Burkholderia were inoculated using a mixture of bacterial culture and 
wheat flour prepared as described in the pot experiment (Chapter 3).  Grain inoculated with 
a culture of Burkholderia was sown after the seeds were air-dried for 24 h at ambient 
temperature.  Inocula were express-mailed to DPI Horsham and stored at 4oC until sowing 
within 3 weeks of preparation. 
 
Seeds were sown on different dates of sowing, harvesting and plant germination (Table 
4.1).  The spread in dates was due to differences in ground water because of the variations 
in rainfall across the region and the later decision to incorporate a third irrigated trail. Grain 
was planted 70 to 80 mm deep, the fertiliser MAP (22% P) was applied at 100 kg N/ha (22 
kg N/ha P) at sowing. Horsham irrigated field was flood irrigated with treated town 
effluent. The site was pre-watered prior to sowing in April and the received two flood 
irrigations during the spring (August-September) (Grant Hollaway, pers. comm.).  The 
irrigated trial used fully treated effluent from the Horsham Sewerage Treatment Plant 
stored in a 700 Ml storage pond (GWM Water, undated).  The irrigation water was 
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essentially free of nitrogen and phosphorus; it is generated during winter and pumped to 
long-term storage for irrigation of the DPI area, pasture and recreational areas.  The Birchip 
and Horsham dryland sites received only natural rainfall. 
 
The wet April that had inspired planting in May at Birchip was followed by a drier June 
and it was not until July when more than half the normal rainfall was received that both 
sites at Horsham were planted (Table 4.1). Emergence was scored in August-September 
(by Grant Hollaway and other staff at DPI). Once plants were ready for harvest, for each 
replicate of each treatment, a random 1 m2 was selected near the centre of the plot and the 
number of stalks and ears were counted, maximum height measured and all wheat plants 
within the area uprooted and removed into paper bags for drying and then dry weight and N 
measurement of plants and grain.  At the two dryland sites, counts were taken 2 weeks 
ahead of harvest, but for the irrigated site, counting and harvest were simultaneous (Figs 
4.5-4.9).  Plant material was stored at 4oC until dried, within 1 week of harvest. 
 
Table 4.1 Important dates for wheat field trials. 
Site Planting Emergence Parameters 
scored 
Plants 
harvested 
Birchip 
dryland  
31/5/2006 13/9/2006 20/10/2006 8/11/2006 
Horsham 
dryland 
6/7/2006 18/8/2006 21/10/2006 6/11/2006 
Horsham 
irrigated 
21/7/2006 22/8/2006 19/11/2006 20/11/2006 
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Fig 4.5 Birchip dryland field trial 2 weeks before harvest, showing the 1 m2 quadrat in 
position over one of the plots. 
 
 
 
Fig 4.6 Horsham dryland field trial 2 weeks before harvest. 
 
 78 
 
 
Fig 4.7 Horsham irrigated field trial 4 weeks before harvest. 
 
 
 
 
Fig 4.8 Birchip dryland field trial at harvest, with wheat plants within the selected areas 
removed into paper bags. 
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Fig 4.9 Horsham irrigated field trial at harvest, with wheat plants within  
the area removed into paper bags. 
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4.2.3 Plant and grain analyses 
 
Plant samples were oven-dried inside the bags to constant weight at 80oC for 48 h prior to 
weighing, as this time was sufficient to reach constant weight.  The dried plants were 
weighed and grain was removed from all plants and weighed separately.  Grain was ground 
and aliquots were analysed to measure N using the Kjeldahl method as in Chapter 3. 
 
4.2.4 Rhizosphere soil sampling 
Rhizosphere soil samples were collected from the roots at harvest to determine the 
population of diazotrophic bacteria, including the inoculated strains of Burkholderia that 
had formed colonies around the wheat roots.  As plants were removed from the 1 m2 
random plot, roots were shaken gently to remove the loosely attached soil, which was 
stored at 4oC until used to assess Burkholderia numbers in the rhizosphere, within 1 week 
of harvest.  Soil samples from each plot were mixed thoroughly and suspended in the ratio 
of 5 g dry soil: 50 ml sterile water.  This mixed liquor was shaken for 10 min and left to 
stand unshaken for 5 min, after which 1 ml of the supernatant liquor was diluted in 
triplicate to 10-3 – 10-6 into Burk’s solidified medium and incubated at 30°C for 8 days 
before the colonies were counted to assess CFU (colony-forming units). 
 
4.2.5 Statistical analysis 
Data from field experiments were analysed using Minitab14 software.  Data were checked 
for normality and transformed as necessary before analysis.  Three-way analysis of 
variance was performed as before and the significance of differences between means was 
determined using Tukey's test at P=0.05.  A significance level of P=0.05 was used 
throughout. 
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4.3 Results 
 
4.3.1 Birchip field trial 
 
Plants germinated well in soil moist after good rain in April-May, but low soil moisture 
resulting from low rainfall during a drought year resulted in plants being small (maximum 
height 33 cm) with low small ears by the harvest date.  The decision was therefore taken 
not to strip ears, as grain weight and N content were so abnormal. 
 
Inoculation was the only single factor to affect emergence, though there were significant 
interactions between N level and all other factors (Table 4.2).  Inoculation significantly 
reduced emergence (Fig 4.10). 
 
At harvest, ANOVA showed no significant effects of any factors (inoculation or N levels) 
on the density of culms (Table 4.3, Fig. 4.11), maximum height of plants in the quadrat 
(Table 4.4, Fig 4.12) or density of ears (Table 4.5, Fig 4.13) except for a significant 
increase in maximum plant height with increase in N level. 
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Table 4.2 Effects of inoculation, N fertiliser type and N level on seedling emergence at 
Birchip dryland site. 
Source DF SS MS F P 
Inoculation 1 10634.8 10634.8 818.061 <0.05 
N source 1 3.5 3.5 0.269 NS 
N level 3 27.4 9.1 0.700 NS 
Inoculation x N source 1 8.3 8.3 0.638 NS 
Inoculation x N level 3 609.0 203.0 15.615 <0.05 
N source x N level 3 250.3 83.4 6.417 <0.05 
Three-way interaction 3 291.7 97.2 7.479 <0.05 
Error 48 6434.0 13.0   
Total 63 18259.0    
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Fig 4.10 Seedling emergence at Birchip site. 
Bars = 2 x SE (standred error) 
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Table 4.3 Effects of inoculation, N fertiliser type and N level on culm density at Birchip 
dryland site. 
Source DF SS MS F P 
Inoculation 1 6.9 6.891 0.017 NS 
N source 1 178.9 178.891 0.450 NS 
N level (kg N/ha) 3 459.8 153.266 0.386 NS 
Inoculation x N source 1 0 0.016 4.03 x 10-5 NS 
Inoculation x N level 3 180 60.016 0.151 NS 
N source x N level 3 180 60.016 0.151 NS 
Three-way interaction 3 2382.4 794.133 2.000 NS 
Error 48 19040 397   
Total 63 22428    
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Fig 4.11. Culm density at Birchip site. 
Bars = 2 x SE (standred error) 
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Table 4.4 Effects of inoculation, N fertiliser type and N level on maximum height of plants 
in 1 m2 at Birchip site. 
 
Source DF SS MS F P 
Inoculation 1 4.516 4.5156 0.392661 NS 
N source 1 0.016 0.0156 0.001357 NS 
N level (kg N/ha) 3 140.047 46.6823 4.05933 <0.05 
Inoculation x N source 1 3.516 3.5156 0.305704 NS 
Inoculation x N level 3 41.422 13.8073 1.200635 NS 
N source x N level 3 59.672 19.8906 1.729617 NS 
Three-way interaction 3 21.411 7.137 0.620609 NS 
Error 48 549.8 11.5   
Total 63 820.4    
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Fig 4.12 Maximum height of plants in 1 m2 quadrat at Birchip site. 
Bars = 2 x SE (standred error) 
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Table 4.5 Effects of inoculation, N fertiliser type and N level on density of ears at Birchip 
site. 
 
Source DF SS MS F P 
Inoculation 1 9 9 0.125698 NS 
N source 1 115.56 115.563 1.614008 NS 
N level (kg N/ha) 3 26.69 8.896 0.124246 NS 
Inoculation x N source 1 121 121 1.689944 NS 
Inoculation x N level 3 367.25 122.417 1.709735 NS 
N source x N level 3 262.19 87.396 1.220615 NS 
Three-way interaction 3 167.21 55.73667 0.778445 NS 
Error 48 3436 71.6   
Total 63 4504.9    
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Fig 4.13 Density of ears at Birchip site. 
Bars = 2 x SE (standred error) 
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4.3.2 Horsham dry field trial 
As at Birchip, at the beginning plants germinated well due to the good rain in April-May.  
However, low rainfall during what turned into a bad drought year resulted in low soil 
moisture that affected plant growth (maximum height 33 cm) and plants had only sparse, 
small ears at the time of harvest.  It was decided again not to strip ears, as grain and N 
content were abnormally low. 
 
For emergence, inoculation and N typel had significant effects (Table 4.10).  Inoculation 
significantly reduced germination, as did using urea rather than ammonium sulphate  
(Fig 4.14). 
 
At harvest, culm density was significantly affected only by an interaction between the 
factors N type and N level (Table 4.7, Fig. 4.15), in that culm density declined uniformly 
with increasing concentration of urea but not ammonium sulphate.  There was no 
significant effect of any factor or their interaction on maximum height of plants (Tables 4.8 
and 4.16) or ear density (Table 4.9, Fig. 4.17). 
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Table 4.6. Effect of inoculation, N fertiliser type and N level on seedling emergence at 
Horsham dryland site. 
Source DF SS MS F p 
Inoculation 1 2310.2 2310.19 10.359 <0.05 
N source 1 1190.0 1190.02 5.336 <0.05 
N level (kg N/ha) 3 613.7 204.58 0.917 NS 
Inoculation x N source 1 99.2 99.19 0.444 NS 
Inoculation x N level 3 1006.4 335.47 1.504 NS 
N source x N level 3 329.2 109.74 0.492 NS 
Three-way interaction 3 329.3 109.76 0.492 NS 
Error 32 7131 223.00   
Total 47 13009    
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Fig 4.14 Seedling emergence at Horsham dryland site. 
Bars = 2 x SE (standred error) 
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Table 4.7 Effects of inoculation, N fertiliser type and N level on culm density (stalks/m2) at 
Horsham dryland site. 
 
Source DF SS MS F P 
Inoculation 1 290.1 290.08 0.777 NS 
N source 1 65.3 65.33 0.175 NS 
N level (kg N/ha) 3 1977.7 659.22 1.767 NS 
Inoculation x N 
source 
1 10.1 10.08 0.027 NS 
Inoculation x N level 3 973.6 324.52 0.870 NS 
N source x N level 3 4333.7 1444.56 3.872 p<0.05 
Three-way 
interaction 
3 2837.5 945.83 2.535 NS 
Error 32 11921 373   
Total 47 22409    
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Fig 4.15 Culm density at Horsham dryland site. 
Bars = 2 x SE (standred error) 
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Table 4.8 Effects of inoculation, N fertiliser type and N level on maximum height of 
plants in the quadrat at Horsham dryland site. 
 
Source DF SS MS F P 
Inoculation 1 3.52 3.521 0.022 NS 
N source 1 188.02 188.021 1.190 NS 
N level (kg N/ha) 3 530.73 176.910 1.119 NS 
Inoculation x N source 1 180.19 180.187 1.140 NS 
Inoculation x N level 3 453.56 151.187 0.956 NS 
N source x N level 3 100.4 33.465 0.211 NS 
Three-way interaction 3 317.58 105.860 0.670 NS 
Error 32 5068 158.000   
Total 47 6842    
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Fig 4.16 Maximum height of plants in quadrat at Horsham dryland site. 
Bars = 2 x SE (standred error) 
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Table 4.9 Effects of inoculation, N fertiliser type and N level on ear density at Horsham 
dryland site  
 
Source DF SS MS F P 
Inoculation 1 4.688 4.6875 0.593 NS 
N source 1 0.188 0.1875 0.024 NS 
N level (kg N/ha) 3 0.896 0.29861 0.038 NS 
Inoculation x N source 1 2.521 2.52083 0.319 NS 
Inoculation x N level 3 4.729 1.57639 0.200 NS 
N source x N level 3 32.229 10.7431 1.360 NS 
Three-way interaction 3 26.56 8.85 1.121 NS 
Error 32 252.67 7.9   
Total 47 324.48    
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Fig 4.17 Density of ears at Horsham dryland site. 
Bars = 2 x SE (standred error) 
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4.3.3 Horsham irrigated field trial  
The plants in the irrigated site were not planted until late July and benefited from three 
water releases, before planting and twice during growth.  Although still showing signs of 
water stress (Grant Hollaway, pers. comm.), plants had growth and grain production much 
closer to seasonal norms. 
 
For emergence, inoculation was the only factor that had an effect (Table 4.10) and it 
reduced seed germination (Fig 4.18). 
 
At harvest, culm density (and ear density, since all culms formed ears) (Table 4.11, Fig. 
4.19) and maximum plant height in the quadrat (Table 4.12, Fig. 4.20) were not affected by 
any factor (Tables 4.19 and 4.20).  Plant dry weight was significantly affected only by an 
interaction between N type and N level (Table 4.13, Fig. 4.21), in that, for example, plant 
dry weight increased with increase in dose of ammonium sulphate in uninoculated plants, 
whereas there was no such response with urea. 
 
Grain yield ranged from 103.69-105.19 g/m2.  Grain weight per area was significantly 
affected only by inoculation, in that inoculation reduced yield by 10% (Table 4.14, Fig. 
4.22).  Grain dry weight per culm was not, however, affected by any factor or interaction 
(Table 4.15, Fig. 4.23).   
 
By contrast, grain %N ranged from 1.1-2.7%.  Grain %N was increased by up to 40% by 
inoculation, N type and N level and there were also significant interactions between 
inoculation and the other factors Table 4.16).  Inoculation increased grain %N, and the 
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increase showed a maximum at 100 kg N/ha with both fertilisers, but the increase at 100 kg 
N/ha was three times greater with ammonium sulphate than with urea (Fig. 4.24). The 
response increased with N level of the fertiliser from 0 kg N/ha to 100 kg N/ha and then 
declined at 150 kg N/ha.  The greatest %N in inoculated plants was 10-25% greater than 
with the corresponding uninoculated plants with 150 kg N/ha N fertiliser (50% greater 
dose) and again the increase was greater with ammonium sulphate than with urea.  Grain 
%N in uninoculated plants showed a quantitative response to increase in N fertiliser dose 
up to 150 kg N/ha, whereas in inoculated plants grain %N increased only up to 100 kg 
N/ha. 
 
Grain total N ranged from 1.2 - 2.7 g/m2 When the combined effects of a reduced grain 
yield and increased grain %N were calculated, there were significant effects of only two 
factors: N fertiliser dose alone and its interaction with inoculation (Table 4.17).  This 
means that inoculation did not increase total grain N per area with all treatments, and the 
increase produced by inoculation reached a maximum with a specific N fertiliser dose (100 
kg N/ha). 
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Table 4.10 Effects of inoculation, N fertiliser type and N level on seedling emergence at 
Horsham dryland site. 
 
Source DF SS MS F P 
Inoculation 1 6165.3 6165.33 25.26775 <0.05 
N source 1 990.1 990.08 4.057705 NS 
N level (kg N/ha) 3 128.5 42.83 0.175533 NS 
Inoculation x N source 1 0.8 0.75 0.003074 NS 
Inoculation x N level 3 360.5 120.17 0.4925 NS 
N source x N level 3 185.4 61.806 0.253303 NS 
Three-way interaction 3 287.4 95.8 0.392623 NS 
Error 32 7815 244   
Total 47 15933    
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Fig 4.18 Seedling emergence at Horsham irrigated site. 
Bars = 2 x SE (standred error) 
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Table 4.11 Effects of inoculation, N fertiliser type and N level on culm density at Horsham 
irrigated site. 
 
Source DF SS MS F P 
Inoculation 1 3169 3168.75 0.815 NS 
N source 1 3333 3333.33 0.857 NS 
N level (kg N/ha) 3 19379 6459.64 1.661 NS 
Inoculation x N source 1 161 161.33 0.041 NS 
Inoculation x N level 3 4029 1342.97 0.345 NS 
N source x N level 3 14268 4756 1.223 NS 
Three-way interaction 3 3736.00 1245.33 0.320 NS 
Error 32 124451 3889   
Total 47 172526    
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Fig 4.19 Plant (and ear) density at Horsham irrigated site 
Bars = 2 x SE (standred error) 
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Table 4.12 Effects of inoculation, N fertiliser type and N level on maximum height of 
plants in the quadrat at Horsham irrigated site. 
 
Source DF SS MS F P 
Inoculation 1 21.333 21.333 0.900 NS 
N source 1 2.083 2.083 0.088 NS 
N level (kg N/ha) 3 58.250 19.417 0.819 NS 
Inoculation x N source 1 8.333 8.333 0.352 NS 
Inoculation x N level 3 29.667 9.889 0.417 NS 
N source x N level 3 110.917 36.972 1.560 NS 
Three-way interaction 3 10.017 3.339 0.141 NS 
Error 32 758.700 23.700   
Total 47 999.300    
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Fig 4.20 Maximum height of plants in 1 m2 quadrat at Horsham irrigated site. 
Bars = 2 x SE (standred error) 
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Table 4.13 Effects of inoculation, N fertiliser type and N level on plant dry weight per area 
at Horsham irrigated site. 
 
Source DF SS MS F P 
Inoculation 1 10479 10479 0.091 NS 
N source 1 116768 116768 1.009 NS 
N level (kg N/ha) 3 65759 21920 0.189 NS 
Inoculation x N source 1 67476 67476 0.583 NS 
Inoculation x N level 3 65791 21930 0.190 NS 
N source x N level 3 1200158 400053 3.457 p<0.05 
Three-way interaction 3 423682 141227 1.221 NS 
Error 32 3702629 115707   
Total 47 5652742    
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Fig 4.21 Plant dry weight at Horsham irrigated site 
Bars = 2 x SE (standred error) 
 
 97 
 
Table 4.14 Effects of inoculation, N fertiliser type and N level on grain dry weight per area 
at Horsham irrigated site. 
 
Source DF SS MS F P 
Inoculation 1 0.001365 0.001365 7.224 p<0.05 
N source 1 0.000033 0.000033 0.176 NS 
N level (kg N/ha) 3 0.000465 0.000155 0.820 NS 
Inoculation x N source 1 0.000310 0.000310 1.641 NS 
Inoculation x N level 3 0.000050 0.000017 0.088 NS 
N source x N level 3 0.000248 0.000083 0.437 NS 
Three-way interaction 3 0.000142 0.000047 0.250 NS 
Error 32 0.006043 0.000189   
Total 47 0.008656    
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Fig. 4.22 Grain dry weight per area at Horsham irrigated site. 
Bars = 2 x SE (standred error) 
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Table 4.15 Effects of inoculation, N fertiliser type and N level on grain dry weight per 
culm at Horsham irrigated site. 
Source DF SS MS F P 
Inoculation 1 0.000972 0.000972 0.092 NS 
N source 1 0.011285 0.011285 1.065 NS 
N level (kg N/ha) 3 0.033568 0.011189 1.056 NS 
Inoculation x N source 1 0.004800 0.004800 0.453 NS 
Inoculation x N level 3 0.010311 0.003437 0.324 NS 
N source x N level 3 0.009462 0.003154 0.298 NS 
Three-way interaction 3 0.033002 0.011001 1.038 NS 
Error 32 0.339600 0.010600   
Total 47 0.443000    
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Fig 4.23 Grain dry weight per culm at Horsham irrigated site 
Bars = 2 x SE (standred error) 
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Table 4.16 Effects of inoculation, N fertiliser type and N level on %N in grain at Horsham 
irrigated site. 
 
Source DF SS MS F P 
Inoculation 1 0.8845 0.8845 37.801 p<0.05 
N source 1 0.2305 0.2305 9.849 p<0.05 
N level (kg N/ha) 3 7.6365 2.5455 108.782 p<0.05 
Inoculation x N source 1 0.0986 0.0986 4.216 p<0.05 
Inoculation x N level 3 0.6688 0.2229 9.527 p<0.05 
N source x N level 3 0.0278 0.0093 0.396 NS 
Three-way interaction 3 0.1563 0.0521 2.226 NS 
Error 32 0.7479 0.0234   
Total 47 10.4509    
 
 
 
0
0.5
1
1.5
2
2.5
3
Inoculated Uninoculated Inoculated Uninoculated
Ammonium sulphate Urea
 
N
%
 
in
 
gr
a
in
0 kg N/ha
50 kg N/ha
100 kg N/ha
150 kg N/ha
 
Fig 4.24 Grain %N at Horsham irrigated site. 
Bars = 2 x SE (standred error) 
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Table 4.17 Effects of inoculation, N fertiliser type and N level on grain total N per area at 
Horsham irrigated site. 
 
Source DF SS MS F P 
Inoculation 1 0.2125 0.212517 1.897 NS 
N source 1 0.3449 0.344897 3.079 NS 
N level (kg N/ha) 3 9.1852 3.06172 27.337 p<0.05 
Inoculation x N source 1 0.0001 0.000057 0.001 NS 
Inoculation x N level 3 1.0165 0.33885 3.025 p<0.05 
N source x N level 3 0.0509 0.01697 0.152 NS 
Three-way interaction 3 0.2189 0.0730 0.651 NS 
Error 32 3.582 0.112   
Total 47 14.611    
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Fig 4.25 Grain total N per area at Horsham irrigated site 
Bars = 2 x SE (standred error) 
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4.3.4 Rhizosphere diazotrophic bacterial population 
 
The soil was extremely dry and dusty in the dryland sites when sampled and still fairly dry 
in the irrigated site due to the limited water releases available.  Most of the bacteria isolated 
conformed to Burkholderia in morphological and physiological characteristics.  The range 
of bacterial numbers isolated was log 5.55-7.7 CFU/mL (2.1 x 105 – 5 x 108 CFU/mL) (2.1 
x 105 – 5 x 108 CFU/g soil).  The abundance of bacteria was generally greater in inoculated 
than in uninoculated rhizospheres, and this difference was greater with ammonium sulphate 
than with urea, and at greater levels of nitrogen. 
 
4.3.4.1 Birchip dryland site rhizosphere 
Log CFU/mL ranged from log 5.55-7.7 CFU/mL (2.1 x 105 – 5 x 108 CFU/g soil).  The 
number of bacteria isolated was significantly affected by inoculation; N type and N level 
(Tables 4.29 and 4.30) and there were significant interactions between inoculation and N 
level, N source and N level and higher interactions (Table 4.18). 
 
There was a significant increase in bacterial population with inoculation and this was 
greater with ammonium sulphate than with urea at all doses N (Fig. 4.26).  The maximum 
bacterial population was reached at 150 kg N/ha in inoculated treatments but less than a log 
value change in uninoculated treatments.  There was a pronounced increase (almost two 
logs for ammonium sulphate and one log for urea) in bacterial population between 0-100 
kg N/ha and 150 kg N/ha in inoculated treatment, but no such corresponding rise in 
uninoculated treatments. 
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Table 4.18 Effects of inoculation, N fertiliser type and N level on diazotrophic rhizosphere 
bacterial population at Birchip site. 
 
Source DF SS MS F P 
Inoculation 1 6.2858 6.28577 275.692 p<0.05 
N source 1 2.4165 2.41652 105.988 p<0.05 
N level (kg N/ha) 3 27.2741 9.09137 398.744 p<0.05 
Inoculation x N source 1 0 0.00002 0.001 NS 
Inoculation x N level 3 6.1902 2.06339 90.500 p<0.05 
N source x N level 3 1.677 0.55899 24.517 p<0.05 
Three-way interaction 3 3.9554 1.3185 57.827 p<0.05 
Error 32 0.7299 0.0228   
Total 47 48.5289    
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Fig 4.26 Population of diazotrophic bacteria isolated from wheat rhizosphere at Birchip 
site. 
Bars = 2 x SE (standred error) 
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4.3.4.2 Horsham dryland site rhizosphere 
Log CFU/mL ranged from log 6.42-8.67 CFU/mL (2.6 x 107 – 4.7 x 108 CFU/g soil).  The 
number of bacteria isolated from the rhizosphere was significantly affected by all factors: 
inoculation; N type and N level and there were significant interactions of all factors except 
inoculation and N type (Table 4.19). 
 
There was a significant increase in bacterial population with inoculation and N type, in that 
the number of bacteria in rhizosphere was greater with ammonium sulphate than the 
number with urea (Figs 4.25).  There was significant increase in number of bacteria in 
rhizosphere with inoculation, but not at all doses of N.  The maximum bacterial population 
was reached at 100 kg N/ha in inoculated treatments but not with 100 kg N/ha in 
uninoculated treatments and the greatest population was with 100 kg N /ha ammonium 
sulphate
 
in inoculated treatments.  There was less than a log value increase with N level in 
the bacterial population in uninoculated treatments with ammonium sulphate but no change 
with urea. 
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Table 4.19 Effects of inoculation, N fertiliser type and N level on diazotrophic rhizosphere 
bacterial population at Horsham dryland site 
 
Source DF SS MS F P 
Inoculation 1 6.601 6.601 257.845 p<0.05 
N source 1 3.674 3.674 143.521 p<0.05 
N level (kg N/ha) 3 9.760 3.253 127.080 p<0.05 
Inoculation x N source 1 0.013 0.013 0.521 NS 
Inoculation x N level 3 3.301 1.100 42.982 p<0.05 
N source x N level 3 3.468 1.156 45.153 p<0.05 
Three-way interaction 3 0.307 0.102 4.003 p<0.05 
Error 32 0.819 0.026   
Total 47 27.943    
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Fig 4.27 Population of diazotrophic bacteria isolated from wheat rhizosphere at Horsham 
dryland site. 
Bars = 2 x SE (standred error) 
 
 105 
 
4.3.4.3 Horsham irrigated site rhizosphere 
Log CFU/mL ranged from log 5.8 - 8.5 CFU/g (6.3 x 106 – 3.1 x 108 CFU/g soil).  The 
population of bacteria isolated from wheat rhizosphere at Horsham irrigated site was 
significantly affected by all factors and their interactions (Table 4.20).  The greatest effect 
was due to inoculation (accounting for 25% of total variation) and there was a particularly 
significant interaction between inoculation and N type. 
 
There was a significant increase in bacterial population of up to two logs with inoculation, 
and the effect was greater with ammonium sulphate than with urea (Fig. 4.28).  There was 
significant increase in number of bacteria in rhizosphere with inoculation at 50 -100 kg N 
/ha (Fig 4.26). 
 
The population of Burkholderia reached 9 x 108 CFU/mL (9 x 108 CFU/g soil) at 50-100 
kg N/ha and then gradually declined at 150 kg N/ha only with ammonium sulphate 
treatment.  The maximum bacteria population was reached at 50-100 kg N/ha in inoculated 
treatments but not with 100 kg N/ha in uninoculated treatments and the greatest population 
was with 100 kg N/ha (NH4)2SO4 and inoculation. 
 
There was a significant increase in bacteria population with N 50-100 kg N/ha levels in 
uninoculated treatments with ammonium sulphate but not with urea, with which the 
number of bacteria declined at 50 kg N/ha to less than 0 kg N/ha. 
 
 106 
 
Table 4.20 Effects of inoculation, N fertiliser type and N level on diazotrophic rhizosphere 
bacteria population at Horsham irrigated site. 
 
Source DF SS MS F P 
Inoculation 1 10.954 10.954 735.161 p<0.05 
N source 1 4.858 4.858 326.027 p<0.05 
N level (kg N/ha) 3 9.553 3.184 213.718 p<0.05 
Inoculation x N source 1 1.083 1.083 72.685 p<0.05 
Inoculation x N level 3 7.309 2.436 163.503 p<0.05 
N source x N level 3 2.070 0.690 46.308 p<0.05 
Three-way interaction 3 4.010 1.337 89.698 p<0.05 
Error 32 0.476 0.015   
Total 47 40.312    
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Fig 4.28 Population of diazotrophic bacteria isolated from wheat rhizosphere at Horsham 
irrigated site. 
Bars = 2 x SE (standred error) 
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4.3.4.4 Differences among soils 
The mean population (1.02 x 107 – 6.76 x 108 CFU/g soil) varied significantly with site 
Table; though the Birchip site recorded the minimum number, its maximum was as great as 
other sites.  There was a significant difference in rhizosphere diazotrophic bacterial 
numbers, with the least population in the driest site (Birchip) and the most in the wettest 
site (Horsham irrigated), with a difference of almost a log value between them. 
 
Table 4.21. Effect of site on diazotrophic bacterial population number. 
Source DF SS MS F P 
Site 2 16.28 8.14 9.83 <0.001 
Error 141 116.78 0.82   
Total 143 133.06    
 
 
 
Fig. 4.29 Effect of site on diazotrophic population number. 
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4.4 Discussion 
Despite the drought conditions, inoculation with Burkholderia at the Horsham irrigated site 
significantly increased %N in grain by up to 40%, but decreased grain yield by 10%.  
However, the increase in the grain %N was much greater than the decrease in yield, leading 
to a 40% increase in total N in grain per area.  An increase of up to 1.7 g N/m2 was 
obtained, the equivalent of 17 kg N/ha. 
 
4.4.1 Effects of drought 
The generally small size of the plants and poor ear development at dryland sites is likely to 
be primarily attributable to the drought that plants were confronted with during growth, as 
numerous authors have reported that water stress reduces wheat grain growth and yield 
(Davidson and Chevalier, 1990; Jat et al., 1990; Sairam et al., 1990; Guerra and Antoninini, 
1996; Kobata et al., 1992; Ravichandran and Mungse, 1997; Thompson and Chase, 1992; 
Villareal et al., 1998). 
 
Water was the over-riding limiting factor for growth during the field trial; plants could not 
therefore be expected to respond to inoculation, and in the dryland sites did not.  It was 
unfortunate that a season that began so well, with good rain in late April-early May, dried 
up later, to the extent that 2006 is one of the worst drought years recorded in both the 
Mallee (Birchip) and the Wimmera (Horsham), with many farmers unable to harvest a crop 
and wheat being cut for hay to bring in some revenue 
(http://www.mp.wa.gov.au/donaldson/Dry%20Season%20Assistance%20Scheme%202006
.pdf).  The whole area became drought-declared, with farmers eligible for ‘Exceptional 
circumstances’ payments  
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(http://www.daff.gov.au/__data/assets/pdf_file/0018/149013/ec-assistance.pdf).  
The following year, 2007, started off poorly and a decision was taken not to plant another 
trial, a wise decision for the Birchip site, but the season later improved at the Horsham site 
and many farmers in the Wimmera were able to harvest an average crop. 
 
The strong relationship between wheat grain yield and rainfall emphasises the importance 
of rainfall distribution, particularly in the month after crop sowing (Stephens and Lyons, 
1998).  Drought and high temperature are the major stress factors during vegetative growth 
of wheat in many production areas.  Periods of water limitation as well as of high 
temperature during grain development cause many physiological and metabolic changes, 
including alterations in hormone homeostasis and other causes such as low nutrient 
availability in soil.  Nutrient transport from the roots to the shoots is also restricted by the 
reduced transpiration rates and impaired active transport, leading to large yield losses 
(Viets, 1972; Kramer and Boyer, 1995).  This reduction is mainly caused by a reduction in 
starch accumulation, because, in general, over 65% of cereal dry weight is accounted for by 
starch.  The reduction in grain weight in response to drought or heat stress during the early 
periods of grain filling can mainly be attributed to the lower number of endosperm cells 
(Nicolas et al. 1985), while during the later stages stress results in the impairment of starch 
synthesis either because of the limited supply of assimilates for the grain (Blum 1998) or 
the direct effects on the synthetic processes in the grain (Yang et al. 2004). 
 
At the Birchip and Horsham dryland sites, the crop was so far below normal yields that the 
decision was taken not to strip the grain from the ears, as grain weight and N content were 
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so abnormal as to make it unlikely that any significance could be attached to the factors 
being tested.   
Although a full analysis was carried out at the Horsham irrigated site, even it did not have 
adequate water availability, which affected the potential magnitude of differences between 
treatments.  Lack of water also means that plants starve because they cannot uptake 
minerals, including nitrogen, from the soil and so any potential benefits from extra nitrogen 
availability in the rhizosphere are unlikely to be available to the plant, 
 
In addition, the dryness is likely to affect the diazotrophic bacteria in the rhizosphere 
directly, as shown in the differences in populations between sites according to their 
dryness.  Water availability would be expected to affect N2 fixation in the rhizosphere and 
it is likely also to increase the effects of salinity, especially as extra salts have been added 
as fertilisers, and are likely to affect root growth as well.  The inoculants tested as tolerant 
to up to 5% NaCl (Chapter 2) and this is probably a process of natural selection, as such 
semi-arid soils regularly experience periods of drought. 
 
Nevertheless, the promising results achieved in the irrigated site at Horsham suggest that in 
a wetter year similar results would have been obtained in the dryland sites.  It would 
therefore be desirable to check the effects of Burkholderia inoculants on yield and nitrogen 
uptake by field-grown wheat by repeating the experiments in an average season, however 
difficult that might be to predict. 
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4.4.2 Effects of inoculation 
• Seedling emergence 
Inoculation significantly reduced seedling emergence at all sites and ultimately grain yield 
at the irrigated sites.  There was no generally significant effect on other growth parameters 
measured, suggesting that culm density, height and plant biomass was not affected by the 
reduction in emergence over the life of the crop.  Wheat can compensate for lower seeding 
rates by increasing the number of tillers and spikes per plant, resulting in little or no 
significant effect on yield (Bavec et al., 2002; Beavers et al., 2008; Moreno-Ramos et al., 
2004). The lower rates of emergence may have been due to two causes.  Firstly, the flour 
used to coat the seed grain made the grain stick together and it is likely that there was some 
mechanical damage during sowing because of this.  Secondly, the flour would have been an 
attractive food source for many common fungi found in soil, e.g. species of Alternaria, 
Aspergillus, Fusarium, Penicillium, Rhizoctonia, Rhizopus, Sclerotium and many others 
(Alexander et al. 1982). 
 
• Gain in grain N 
The significant increases in the irrigated trial in %N and total N in grain, with increases 
with ammonium sulphate greater than with urea and reaching a maximum in the presence 
of 50-100 kg N/ha as ammonium sulphate are similar to those recorded in the pot trial.  The 
increase in grain %N increases protein content in grain.  This increase of grain protein may 
be because of the ability of inoculated plants to assimilate nitrogen better, especially in the 
grain filling phase, or may be due to the high-efficiency transfer of nitrogen from plants, 
stalks and leaves to grain.  However, grain dry weight decreased by inoculation by about 
10%.  High temperature (25/30ºC) can reduce the response of the developing grain 
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(Wardlaw, 1994).  It is unlikely to be due in 2006 to soil waterlogging, which causes a 
drastic reduction in oxygen supply to the roots (Van Rees, 1997). 
 
There are many studies reporting beneficial effects of rhizobacterial inoculation in both 
laboratory and field trials of different crops.  For example, it was reported that wheat yield 
increased up to 30% with Azotobacter inoculation and up to 43% with Bacillus inoculants 
(Kloepper et al., 1989); and inoculation with strains of Burkholderia has increased plant 
biomass and grain weight in, for example, rice (Baldani et al., 2000; Nakata, 2002; Trân 
Van et al. 1997) and sugarcane (Reis et al. 2000). 
 
In wheat, a 10-20% yield increase in wheat was reported in field trials with a combination 
of A. chroococcum and B. megaterium (Brown et al. 1974).  Pseudomonas inoculants 
significantly increased yield of spring wheat (Walley & Germide 1997) and both 
Pseudomonas spp. and Burkholderia caryophylli increased root length and weight, tillering 
and grain and straw yields in pot trials and also increased wheat growth and yield in field 
trials; however, results were inconsistent in axenic pot and field trials (Shaharoona et al. 
2007).  Several other N2-fixing PGPB genera, e.g. Azospirillum (Pereg Gerk et al. 2000), 
Azotobacter, Azorhizobium, Bacillus, Herbaspirillum and Klebsiella have been associated 
with increased grain yield and N content in wheat (Kennedy et al. 2004).  Burkholderia sp. 
has been found with other diazotrophic bacteria associated with wheat roots and it was 
hypothesised that increasing salinity increased the carbohydrates from the wheat roots 
(Nelson and Mele 2007).   
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This is, however, the first demonstration that inoculation with Burkholderia strains can 
increase grain N in wheat in Australian soils, and the amount of N2 gained by the wheat 
grain (up to 30 kg N/ha during wheat growth) is compatible with the estimated 10-30 kg 
N/ha could be fixed by such associations (Kennedy and Islam 2001).  If this was gained by 
inoculation even in the presence of background microflora including Burkholderia strains 
(since the inoculant was isolated from the same soil), it suggests that the gain is even 
greater.  Also, this was the gain under relatively poor conditions of soil moisture and it 
would be expected that under moister conditions, inoculant activity would be greater and 
the gain would be correspondingly greater. 
 
4.4.3. Rhizosphere microflora and activity 
The presence of increased numbers of Burkholderia-like bacteria in the rhizosphere is 
impressive, since even in the driest sites it suggests that inoculation could have a long-
lasting effect.  The number of bacteria in rhizosphere was greater with ammonium sulphate 
than the number with urea and the maximum bacteria population was reached with 50-100 
kg N/ha as ammonium sulphate in inoculated but not uninoculated treatments.  The greater 
increases with ammonium sulphate
 
than with urea could be because of the more ready 
availability of ammonium ions (NH4+) or detrimental pH changes due to urea, as discussed 
in Chapter 3. 
        
There is a problem, however, in distinguishing between Burkholderia strains that were in 
the soil originally and those added in the inoculants.  The increased numbers in inoculated 
treatments cannot therefore be attributed solely to the survival of the inoculum.  What is 
needed is a means of distinguishing the inoculant from the resident strains, such as a 
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morphological, physiological, biochemical or molecular marker.  There are various 
possibilities, such as designing specific primers on the basis of the 16S rDNA sequences 
obtained in Chapter 2, and this is a more viable approach for field inoculation than 
genetically modifying the bacteria by inserting a marker such as gus (Yates and Sparks 
2008) or gfp (Elliott et al. 2007). 
 
The reason for the increase in N in grain could be N2 fixation by the inoculated 
Burkholderia strains, as discussed in Chapter 3.  Excretion of ammonia in the rhizosphere 
is an important functional characteristic of associative bacteria, especially in the presence 
of root exudates (Narula and Gupta, 1986).  This might explain why soils inoculated with 
bacteria had greater total nitrogen contents (Haahtela et al. 1988).  The inoculant may fix 
nitrogen in the rooting zone and enhance uptake of nutrients from N fertiliser; in this case, 
increasing N levels would be likely to inhibit the plant potential of N2 fixation.  Increased 
root growth may occur as a reaction to bacterial infection at the root interface (Kapulnik, 
1985).  The inoculant could also affect crop growth through mechanisms such as 
production of phytohormones that improve root development (Hecht-Buchholz et al., 1998; 
Tien et al., 1979).  These are important because they would increase absorptive area and 
volume of soil substrate available to the plant, with subsequent increase in the rates of 
water and mineral uptake (Haahtela, et al., 1990).  Yield improvement by inoculation with 
Burkholderia strains requires an efficient screening system aiming constantly to select the 
most effective bacteria and to work out how and where they act in the rhizosphere. 
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4.4.4 Conclusion 
In conclusion, this study has shown that inoculation with Burkholderia can increase wheat 
grain %N and total N and so increase the efficiency of use of the fertiliser, and so show the 
beneficial role of inoculation with biofertiliser.  Yield improvement by inoculation with 
associative bacteria requires the most successful combinations between the plant genotype, 
particular bacterial isolates and efficiency of use of the applied fertiliser, with the potential 
benefit of reducing losses to the environment. 
Factors affecting the gain in nitrogen from inoculation in the irrigated field trial were: 
• lack of water, leading to limitations on the potential for improvement in the wheat 
• lack of knowledge as to what activities, e.g. N2 fixation, the inoculant might have in the 
rhizosphere 
• lack of knowledge on the location of the inoculant relative to the root (rhizosphere, 
rhizoplane or endophytic) 
• inability to distinguish the inoculant from the background microflora. 
 
In the next chapter, therefore, further studies on these were incorporated to understand 
better the roles of the bacteria in N nutrition of the crop, the location of the bacteria relative 
to the plant roots and the mechanism by which the nitrogen nutrition is improved.  N2 
fixation will be monitored by acetylene reduction method during plant growth.  N levels 
and N type in the soil will be monitored simultaneously by established methods.  This will 
determine if the role of the Burkholderia is primarily in fixing N2 or making the N in the 
fertiliser more available for plant uptake and growth and estimation of Burkholderia 
numbers in the rhizosphere and rhizoplane by isolation as before, coupled with the use of 
specific primers to trace the inoculant.  
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Chapter 5 
 
 
Effect of inoculation on bacteria number and N fixation of wheat in 
Horsham soil 
 
5.1 Introduction 
 
Both the pot (Chapter 3) and the field trials (Chapter 4) showed that inoculation with 
endemic Burkholderia sp. could increase N content in wheat grain, and the main effect was 
reached with supplementary nitrogen fertiliser at 50-100 kg N/ha.  This suggests that the 
bacteria have the capability to fix nitrogen in the rhizosphere or increase efficiency of use 
of the exiting N fertiliser and to increase its rhizosphere populations. 
 
PGPB, including Burkholderia species, have specific functions that improve plant 
productivity, including nitrogen fixation, plant growth promotion, and biological control of 
plant pathogens.  Nitrogen fixation is one of the most interesting microorganism activities, 
as it makes possible the input of gaseous nitrogen to the nitrogen cycle and gives a 
fundamental contribution to nitrogen homeostasis in the biosphere (Aquilanti et al., 2004).  
Nitrogen in modern agriculture is one of the most limiting factors in crop productivity.  
Increases in agricultural production in the Green Revolution have largely been permitted by 
the improvement of plant genotypes highly responsive to chemical fertilisers (Govindarajan 
et al., 2006).  Cereals constitute an important source of food all over the world.  In 
particular, sorghum, rice, maize, and wheat currently have much of their nitrogen needs 
supplied by costly chemical fertilisers.  Excessive use of N fertilisers is now known to 
promote NO3¯  leaching into waterways, NH3 volatilisation, and N2O emission in cereal 
cropping systems (section 1.2, Chapter 1). 
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Biological N2-fixation provides a major source of nitrogen for plants as part of 
environmentally friendly agricultural practices.  A biotechnological goal is to use different 
strains of selected rhizosphere microorganisms to minimize inorganic fertiliser application 
and to maximize plant growth and productivity.  Biofertilisers have been utilised as an 
important component of the integrated nutrient supply system and hold great promise to 
improve crop yields through more environmentally sustainable supplies.  Biofertiliser has 
been identified as an alternative to chemical fertiliser to increase soil fertility and crop 
production.  It consists of living cells of different types of microorganisms that have an 
ability to convert nutritionally important elements from unavailable to available forms 
through biological processes.  This includes some N2-fixing bacteria.  Bacterial inoculants 
as biofertilisers promise sustainable procedures for a crop (Vessey et al., 2003).  They can 
exert beneficial effects on plant growth and biological nitrogen fixation is significant not 
only for legumes, but also for non-legumes. 
 
Inoculation with rhizobia for N2 fixation is known in legumes (Döbereiner et al., 1979; 
Vance, 1997). Non-symbiotic N2 fixing free-living bacteria belonging to Azospirillum, 
Azotobacter, Enterobacter and Herbaspirillum are common colonisers of important cereal 
crops and have been studied extensively (section 1.2.2, Chapter 1). Mostly recently, 
Burkholderia has emerged as a major genus of new N2-fixing bacteria. 
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5.1.1 Measurement of biological nitrogen fixation by acetylene reduction 
Acetylene reduction is an indirect method for measuring nitrogen fixation (Vangnai et al., 
1998). It is more convenient and timesaving than direct methods such as the 15N method 
that involves the use of the heavy isotope of nitrogen 15N (Vangnai et al., 1998). During 
nitrogen activity, two electrons are transferred to acetylene, as shown in the equation below 
(Giller et al., 1991):  
C2H2 (acetylene) +2 H+ +2 e-                    C2H4 (ethylene) 
Thus, in theory, three acetylene molecules are reduced to three ethylene molecules for each 
one nitrogen molecule is fixed.  The amount of ethylene produced can be measured 
commonly and quickly by gas chromatography. The fixed nitrogen can in theory then be 
calculated by assuming that 3 moles of acetylene are reduced for every 1 mole of nitrogen 
(Vangnai et al., 1998). 
 
Associative biological N2 fixation (BNF) is a common process of Burkholderia.  The 
ability to fix atmospheric nitrogen, which was firstly observed only for B. vietnamiensis 
(Trân et al., 1996), has been extended to other species, including B. kururiensis (Estrada-
De los et al., 2001), B. unamae (Caballero-Mellado et al., 2004), B. tropica (Weber et al., 
2000; Reis, 2004) and B. brasilensis (Weber et al., 2000; Reis, 2004).  The beneficial 
effects of inoculation of diazotrophic bacteria have been observed on different crops.  For 
instance, field trials performed in Vietnam showed that inoculation of rice with B. 
vietnamiensis resulted in up to 22% increase in grain yield (Trân et al., 2000). 
Burkholderia species isolated from rice plants in Brazil fixed 19-31% of the total nitrogen 
captured by the plant (Baldani et al., 2000) and the inoculation of rice with Burkholderia 
species led to a 69% increase in the rice biomass (Baldani et al., 2000).  Moreover, 
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increases in crop yield due to the introduction of diazotrophic Burkholderia strains have 
also been observed in sugarcane and maize (Riggs et al., 2001). 
 
The major objective of this experiment was to evaluate the effects of Burkholderia species 
from Horsham on wheat growth and determine their role, by investigating mechanism by 
which it occurs. N2 fixation during plant growth, total N2-fixing microbial count in soil and 
rhizosphere and molecular tracing of the inoculant strain were measured along with plant 
growth parameters. 
 
5.2 Materials and Methods 
A N2-fixing bacterium from the genus Burkholderia, which was isolated from Horsham 
soil, was cultured in Burk’s N-free medium according to the method of Chapter 3. 
 
Wheat was grown in Horsham grey clay soil in tubes. Fresh soil was collected from the 
same field site at Horsham (Chapter 4) on 26th of May 2007 and used to fill sections of 
polythene pipe (1 m x 10 cm). Wheat soil was grey clay soil, pH 6, as before. Tubes were 
stood upright in polystyrene boxes to contain the soil at the base (Figs 5.1, 5.2).  Grain was 
sown approximately 25 mm deep and each tube contained 6 kg of soil to 7 cm below the 
top and three wheat plants were sown in each tube.  Tubes were irrigated manually with 
watering cans to prevent errors in water application.  All tubes were irrigated to field 
capacity twice a week. All were fertilised with P as superphosphate at 100 kg N/ha. 
 
 120 
 
 
Fig 5.1 Experimental tubes with wheat at early heading stage (5 weeks). 
 
 
 
 
Fig 5.2 Experimental tubes with wheat at flowering stage (15 weeks). 
 
 
Holes 
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5.2.1 Experimental design  
This experiment was conducted over 2 weeks at RMIT in a controlled temperature room at 
25oC, and light level (PAR) of 270 µmol m-2 s-1 with three replicates using a split split-plot 
design with three factors: bacterial inoculation, two types of fertiliser (urea 46% N and 
ammonium sulphate 21% N) and four levels of fertiliser (0, 50, 100, 150 kg N/ha), giving a 
total of 16 treatments (2 x 2 x 4) with three replicates. Samples were taken of the 
parameters at the stages shown in Table 5.1. 
 
Table 5.1 Samples taken during the stages of wheat growth 
 
Stages of wheat 
growth 
Early heading Head 
emergence 
Flowering Maturity 
 
Week 5 weeks 10 weeks 15 weeks 20 weeks 
N2 fixation (ARA) 
 
X X X X 
Estimation of N2-
fixing, microbial 
population in 
 Rhizosphere 
 Soil 
 
 
 
X 
X 
 
 
 
 
X 
 
 
 
 
X 
 
 
 
 
 
X 
 
Soil pH 
 
   X 
Molecular tracing 
of the inoculant 
strain 
 
X  X  
DW grain 
 
   X 
%N grain 
 
   X 
 
 
5.2.2 Harvest and N analysis 
 
At 23 weeks, plants were harvested, dry weight and %N in grain measured as in Chapter 3. 
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5.2.3 Determination of soil pH 
Soil pH in each treatment was determined at the end of growth stage at approximately 20 
weeks (maturity stage) to study the effect of treatment following a standard method of 
measurement of soil pH in a 1:1 mixture of soil:water using a pH electrode. Measurement 
was done on samples of 10 g air dried soil shaken for 1 h with 10 mL of distilled water.  
The samples were allowed to settle for 30 min.  An electrode was placed into each 
suspension to measure the pH. 
 
5.2.4 Enumeration of N2-fixing bacteria in rhizosphere 
To enumerate populations of N2-fixing bacteria in the rhizosphere, soil samples were taken 
at heading stage (5 weeks), head emergence stage (10 weeks) and flowering stage (15 
weeks). Soil samples were obtained from areas between plants and did not contain wheat 
roots; 5 g of soil from each tube was shaken with 90 ml of sterile water.  From this 
suspension a serial dilution (1:10) was prepared in sterile water in tubes to 10-6 dilution and 
streaked out on Burk’s N-free medium in 9 cm diameter Petri dishes. Plate counts were 
performed in triplet and incubated for 7 days until growth occurred. 
 
5.2.5 Enumeration of rhizosphere and soil bacteria 
Sampling was carried out during the growth cycle (heading stage) at approximately 5 
weeks and 15 weeks (maturity stage). For 0 kgN/ha treatments only, plants were removed 
from the tubes and bulk soil was obtained from each plant sample by shaking off loosely 
adhering soil from the plant material and mixing it; this soil was described as non-
rhizosphere soil. From the remaining root material with tightly adhering soil, rhizosphere 
samples were prepared by removing the soil. 
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A 10-fold dilution series in sterile 0.8% NaCl solution was prepared from soil samples and 
1 ml of the appropriate dilutions was plated in triplicate on Burk’s medium. After 8 days of 
incubation at 30oC, some of the colonies grown on the plates were about 1 mm diameter 
and white with flat margins (like Burkholderia). Two plates of rhizosphere and non-
rhizosphere samples with about 100 colonies were chosen at random whatever their size, 
size and color and transferred onto other media; to perform further tests to check for purity. 
 
5.2.6 Nitrogen fixation assay 
Roots and soil were sampled every 5 weeks to assay nitrogenase activity by acetylene 
reduction activity (ARA) in the tubes; each tube had holes at 20, 40, 80 cm lengths as 
shown in Fig 5.1. For the assay, these were sealed using grey insulated tape (duct tape), 
which was removed after the assay period. Tubes were injected with 10% (V/V) of 
acetylene (C2H2 99.99%, Linde Specialty Gas), by hypodermic throught the tape at the top, 
middle and bottom levels and the tubes were incubated at 25oC for 30 min; puncture holes 
in the tape were sealed by a piece of tape over the holes.  The top was left uncovered and 
the bottom was held by its weight the trey.  After incubation, gas samples were removed by 
syringe and stored by injection into McCartney bottles plugged with Suba-Seal (Crown 
Scientific) rubber stoppers.  Ethylene production was measured as peak height on a 2 m 
stainless steel Porapak T column on a Varian Aerograph (series 1400) gas chromatograph 
by injecting samples of 3 x 1 ml from the Subasealed bottle.  Ethylene was quantified by 
using a calibration curve of peak height verus moles of ethylene injected. 
 
 
 
 124 
 
5.2.7 Tracing of inoculant Burkholderia sp. 
5.2.7.1 Rhizosphere soil sampling 
Five grams of rhizosphere soil (Section 5.2.4) was transferred to flasks containing 90 ml of 
sterile sodium pyrophosphate (0.1% NaPP) according to the method described by Salles et 
al.,2002. After shaking the flasks for 30 min, 2 ml of suspension was removed for DNA 
extraction. 
 
5.2.7.2 DNA extraction 
DNA was extracted from rhizosphere soil following the processes used in Chapter 2 
(Weisburg et al., 1990). Briefly the freeze-thaw cycle method was utilised. Three replicates 
of 1.5 ml of sodium pyrophosphate solution containing rhizosphere DNA were centrifuged 
in an Eppendorf tubes for 5 min at approximately 15,000 x g and then the liquid was 
transferred from the tubes. To the sample was added 0.2 ml of 10 mM Tris hydrochloride 
(pH 8.3), 2.5 mM MgCl2, 50 mM KCl, 10 µl of 20% sodium dodecyl sulphate (SDS) and 
approximately 200 µl of phenol, saturated with the above buffer. Samples were centrifuged 
in an Eppendorf tube for 10 min at 15,000 x g.  The aqueous phase was ethanol-
precipitated by transferring the entire 200 µl contents of the reaction tubes to the Epperdorf 
tubes containing the ethanol solution, placing it on ice for 10 min and then centrifuging for 
20 min at max speed 21,000 x g.  The pellet was suspended in 20 µl of TE buffer. 
 
5.2.7.3 Primer design 
Primers (forward and reverse) were designed using Primer 3 on ANGIS according to 
method described by Salles (2002) for the 16S rDNA sequence belonging to the 
Burkholderia strain isolated from Horsham soil as described in Chapter 2. The forward 
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primer was (Burk3 - 5’CTGCGAAAGCCGGAT 3’) and the reverse primer was (Burk R - 
5’ TGCCATACTCTAGCYYGC 3’). 
 
5.2.7.4 PCR amplification  
Part of the 16S rDNA gene from rhizosphere soil was amplified using Burkholderia- 
specific primers by PCR in 25 µl reaction mixtures containing 1 µl of DNA, 0.25 µl of each 
primer and Go-Green PCR mix as described in Chapter 2.  The PCR reaction comprised 
95°C (2 min), 35 cycles of: 94°C (30 s), 55°C (30 s) and 72°C (1 min), plus 9 additional 
cycles with 94°C (30 s), 47°C (30 s) and 72°C (90 s).  The final extension was at 72°C (5 
min).  PCR products were electrophoresed in a 1.4% agarose gel with TBE buffer at 100 V 
for 40 min.  The gel was stained with ethidium bromide to visualize bands as described in 
Chapter 2. When needed, products were stored at -20oC for further use. 
 
5.3 Results 
5.3.1 Effect of inoculation on grain weight 
Grain weight of the wheat ranged from 0.70 to 3.91 g (Fig 5.3) and varied significantly 
with treatment.  Weight of grain was significantly affected by the factors inoculation and N 
level but not N type (Table 5.2), and there was a significant interaction between inoculation 
and N level.  There was a significant increase in grain weight with inoculation and this was 
very uniform, with the maximum increase in grain weight being reached at 100 kg N/ha in 
inoculated treatments, but not reached until 150 kg N/ha in uninoculated treatments.  There 
was also a significant three-way interaction; there was a difference in inoculated treatments 
with fertiliser type at 100 kg N/ha; weight of grain with (NH4)2SO4 was greater than with 
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urea.  The maximum weight was obtained in inoculated treatments, at 100 kg N/ha as 
(NH4)2SO4. 
 
Table 5.2  Effect of inoculation, N type, and N level on grain weight/pot. 
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Fig 5.3 Effect of inoculation on grain dry weight. 
 
Source DF SS MS F P Significance 
Inoculation 1 3.3793 3.3793 34.23 <0.05 * 
N level 3 22.3989 7.46628 75.64 <0.05 * 
N type 1 0.5051 0.5051 0.76 >0.05 NS 
N level x inoculation 3 3.4830 1.16101 11.76 <0.05 * 
N type x inoculation 1 0.0119 0.0119 0.02 >0.05 NS 
N level x type 3 0.5976 0.19919 0.82 >0.05 NS 
3-way interaction 3 2.8339 0.94463 14.55 <0.05 * 
Error 32 2.0760 0.0649    
Total 47 33.2097     
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5.3.2 Effect of inoculation on %N in grain  
The %N in grain ranged from 0.155 to 6.17% (Fig 5.4).  %N was affected significantly by 
the factors inoculation, N type and N level (Table 5.3), and there were significant 
interactions between inoculation and N level, N level and N type and higher order 
interactions.  There was a significant increase in %N in grain with inoculation, but only at 
greater doses of N.  There were very uniform increases with the maximum in %N being 
reached at 150 kg N/ha in inoculated treatments but not in uninoculated treatments, which 
reached their maxima at 100 kg N/ha.  There was a significant increase with fertiliser dose; 
adding 50 kg N/ha did not increase grain %N significantly over the control, but adding 100 
kg N/ha or 150 kg N/ha did.  There was also a significant difference with fertiliser type; 
%N with (NH4)2SO4 was uniformly greater than with urea.  The maximum %N in grain was 
reached in inoculated treatments, at 100 kg N/ha with (NH4)2SO4. 
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Table 5.3 Effect of inoculation, N type, and N level on %N in grain. 
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Fig 5.4 Effect of inoculation on %N in grain. 
Source DF SS MS F P Significance 
Inoculation 1 0.06780 0.06780 21.18 <0.05 * 
N level 3 0.61995 0.20665 64.57 <0.05 * 
N type 1 0.01477 0.01477 4.61 <0.05 * 
N level x inoculation 3 0.09375 0.03125 97.65 <0.05 * 
N type x inoculation 1 0.00468 0.00468 1.46 >0.05 NS 
N level x type 3 0.10288 0.00343 10.79 <0.05 * 
3-way interaction 3 0.10364 0.03455 10.76 <0.05 * 
Error 32 0.10227 0.00320    
Total 47 0.91489     
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5.3.3 Effect of inoculation on total N in grain 
The total N in grain ranged from 0.122 to 2.409 g (Fig 5.5).  Total N in grain was affected 
significantly by the factors inoculation, N type, and N level, and there were significant 
interaction between inoculation and N level and N type and N level (Table 5.4). There was 
a significant difference with fertiliser type; total N with (NH4)2SO4 was uniformly greater 
than with urea.  The greatest total N in grain was observed in the inoculated treatment with 
(NH4)2SO4 at 100 kg N/ha and the least in the uninoculated control treatments in the 
absence of any fertiliser.  As there were differences in the same patterns for both grain dry 
weight per pot and %N per pot, when multiplied together, there was an exaggeration of 
each of their effects to make the differences more pronounced. 
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Table 5.4 Effect of inoculation, N type, and N level on total N in grain. 
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Fig 5.5 Effect of inoculation on total N in grain per pot. 
 
 
Source DF SS MS F P Significance 
Inoculation 1 1.7605 1.7605 67.19 <0.05 * 
N level 3 10.2728 3.42427 130.69 <0.05 * 
N type 1 0.3341 0.3341 12.75 <0.05 * 
N level x inoculation 3 3.3183 1.10611 42.21 <0.05 * 
N type x inoculation 1 0.0516 0.0516 1.969 >0.05 NS 
N level x type 3 0.5062 0.16874 6.44 <0.05 * 
3-way interaction 3 0.2997 0.0999 3.81 <0.05 * 
Error 32 0.8388 0.0262    
Total 47 17.382     
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5.3.4 pH measurement  
pH of the rhizosphere soil was affected by N fertiliser type and N level, but not inoculation 
(Table 5.5).  Rhizosphere pH declined by ≤1 unit with ammonium sulphate but increased 
by 1-2 units with urea (Fig 5.6).  The magnitude of the change was greatest with the 
greatest amount of N fertiliser supplied. 
 
Table 5.5 Effect of inoculation, N type, and N level on pH of wheat rhizosphere at maturity 
stage (20 weeks) 
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Fig 5.6 Effect of Burkholderia inoculation and N fertiliser on pH of wheat rhizosphere  
at maturity stage (20 weeks). 
 
Source DF SS MS F P Significance 
Inoculation 1 0.0320 0.0320 0.747 >0.05 NS 
N level 3 2.3938 0.79792 18.64 <0.05 * 
N type 1 24.4245 24.4245 570.6 <0.05 * 
N level x inoculation 3 0.0818 0.02726 0.36 >0.05 NS 
N type x inoculation 1 0.0972 0.0972 2.27 >0.05 NS 
N level x type 3 16.0009 5.3366 124.68 <0.05 * 
3-way interaction 3 0.0373 0.01243 0.290   
Error 32 1.3704     
Total 47 44.4469     
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5.3.5 Bacterial populations of rhizosphere 
N2-fixing bacteria were detected at all stages in all treatments and ranged from 4 x 103 
CFU/ mL to 1 x 108 CFU/ mL (Figs 5.7 and 5.8, 5.9).  The number of N2-fixing bacteria in 
the wheat rhizosphere was affected by inoculation, N type, N level and plant age, and there 
were significant interactions between inoculation and plant age, and inoculation and N 
level (Table 5.6). There was significant increase of the bacterial numbers in the rhizosphere 
in inoculated treatments at early heading and head emergence stages (at 5 and 10 weeks) 
(Figs 5.7, 5.8) while thereafter the numbers declined and the lowest numbers were recorded 
at the flowering stage (Fig 5.9), when the gap between the inoculated and uninoculated 
treatments narrowed.  Fertiliser type and N level affected numbers of N2-fixing bacteria in 
the rhizosphere at all growth stages.  The maximum was reached in inoculated treatments 
with (NH4)2SO4 rather than with urea at 100 kg N/ha in inoculated treatments and with 
100-150 kg N/ha in uninoculated treatments, depending on age.  The number of N2-fixing 
bacteria was also affected by plant age.  These increased from heading at 5 weeks to head 
emergence stage 10 weeks but the numbers decreased at the next stage of wheat growth, 
which was flowering. By contrast, uninoculated treatments had a smooth rise of bacterial 
number in the rhizosphere and the maximum number was reached at 150 kg N/ha in all but 
flowering. It was generally greater with ammonium sulphate (NH4)2SO4 than with urea but 
trends were proportionately the same.  
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Table 5.6 Effect of inoculation, N type, N level and plant age on population of N2-fixing 
bacteria in rhizosphere 
 
 
Source DF SS MS F P Significance 
Inoculation 1 57.408 57.408 115.52 <0.05 * 
Plant age 2 16.115 8.0574 8.40 <0.05 * 
N level 3 153.233 51.0775 102.78 <0.05 * 
N type 1 5.811 5.811 5.73 <0.05 * 
Inoculation x plant age 2 26.670 13.3349 9.24 <0.05 * 
Inoculation x N level 3 21.101 7.0337 14.15 <0.05 * 
Inoculation x N type 1 0.017 0.017 0.01 >0.05 NS 
Plant age x N level 6 3.391 0.5652 0.59 >0.05 NS 
Plant age x N type 2 0.824 0.4117 0.21 >0.05 NS 
N type x N level 3 2.400 0.7999 0.79 >0.05 NS 
3-way + 4-way Interaction 23 10.4673 0.4551 23.10 <0.05 * 
Error 96 1.8931 0.0197 
 
   
Total 
 
143 299.3294     
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Fig 5.7 Rhizosphere population of N2-fixing bacteria at early heading stage (5 weeks). 
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Fig 5.8 Rhizosphere population of N2-fixing bacteria at head emergence stage 
(10 weeks). 
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Fig 5.9 Rhizosphere population of N2-fixing bacteria at flowering stage (15 weeks). 
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5.3.6 Enumeration of rhizosphere and soil bacteria  
The populations of Burkholderia inoculum and other bacteria in soil and rhizosphere 
recovered from plates of Burk’s medium are shown in Fig 5.10.  For the rhizosphere soil, 
colonies had a very homogeneous morphology (same colour and similar size) and all 
colonies had grown after 4 days of incubation, where as for non-rhizosphere soil a variety 
of colonies had grown after 4 days and some grow only after 8 days. 
 
No significant differences were observed in total bacterial population with rooting zone 
(between rhizosphere and non-rhizosphere soil) (Table 5.7), in that the total number was 
constant, but varied between Burkholderia and other types of bacteria (Fig. 5.10). 
 
There was also no significant difference in the total bacterial population with plant age 
(Table 5.7), but the types of colony growth were reversed between the rhizosphere and 
non-rhizosphere soil between 5 and 15 weeks (Fig. 5.10).  Burkholderia population levels 
were greater at 5 weeks in rhizosphere than non-rhizosphere soil, but by 15 weeks 
Burkholderia was found mainly in non-rhizosphere soil and other bacteria dominated the 
rhizosphere (Fig. 5.10).   
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Table 5.7 Effect of plant age and rooting zone on bacterial populations. 
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Fig 5.10 Populations of Burkholderia and other bacteria in wheat rhizosphere and non-
rhizosphere soil 
 
Source DF SS MS F P Significant 
Plant age 1 0.2228 0.2228 0.17 >0.05 NS 
Rooting zone 1 1.1663 1.1663 0.89 >0.05 NS 
Plant age x Rooting 
zone 
1 1.2528 1.2528 0.96 >0.05 NS 
Error 20 26.2216 1.311    
Total 23 28.8635     
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5.3.7Acetylene reduction activities (ARA) 
ARA was affected by inoculation, plant age and N level but not N type, and there were also 
significant interactions between inoculation and plant age, and inoculation and N level 
(Table 5.8).   
 
ARA activity was only detected in inoculated and not uninoculated treatments (Fig. 5.11).  
Plant age affected ARA; ARA was greater in early (5 weeks, Fig. 5.11) and mid growth (10 
weeks, Fig. 5.12) than flowering (15 weeks, Fig. 5.13) and there was no ARA at maturity 
(20 weeks).   
 
N level affected ARA; ARA was always maximal at at 100 kg N/ha, with greater activity 
with ammonium sulphate than urea in early but not later growth.  The level of fertiliser 
affected ARA with negligible activity in its absence.  Fertiliser type also affected ARA; it 
was generally greater with ammonium sulphate than with urea, though differences varied 
with plant age and were shown only in the first two stages and not at flowering. 
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Table 5.8 Effect of inoculation, N type, N level and plant age on ARA 
 
Sources DF SS MS F P Significant 
Inoculation 1 13864.3 13864.3 727.85 <0.05 * 
Plant age 2 492.7 246.3 3.69 <0.05 * 
N level 3 3806.2 1268.7 66.61 <0.05 * 
N type 1 155.0 155.0 2.19 >0.05 NS 
Inoculation x plant age 2 492.7 246.3 3.69 <0.05 * 
Inoculation x N level 3 3806.2 1268.7 66.61 <0.05 * 
Inoculation x N type 1 155 155 2.19 >0.05 NS 
Plant age x N level 6 414.5 69.08 0.47 >0.05 NS 
Plant age x N type 2 37.4 18.719 0.11 >0.05 NS 
N type x N level 3 142.2 47.39 0.32 >0.05 NS 
3-way + 4way Interaction 23 13190.11 573.483 5213.48 <0.05 * 
Error 96 10.94 0.11    
Total 143 24067.25     
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Fig 5.11 Acetylene reduction activity of wheat rhizosphere soil inoculated with 
Burkholderia sp. at early heading stage (5 weeks). 
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Fig 5.12 Acetylene reduction activity of wheat rhizosphere soil inoculated with 
Burkholderia sp. at head emergence stage (10 weeks). 
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Fig 5.13 Acetylene reduction activity of wheat rhizosphere soil inoculated with 
Burkholderia sp. at flowering stage (15 weeks). 
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5.3.8 Molecular analysis of wheat rhizosphere 
No product was detected in the rhizosphere in uninoculated soil. In inoculated treatments 
the specific primers unexpectedly showed more than one product on PCR (Fig 5.14 and 
5.15) instead of just the expected single bands at 250 bp. All isolates from all inoculated 
treatments showed a few strong and many weak bands at both early heading and flowering 
stages, including the expected band at 250 bp, but the products varied with wheat stage. At 
the early heading stage, there were four main uniform bands across all non-blank lanes (Fig 
4.14) at: ~ 90 bp, 250 bp, 350 bp and 1750 bp, whereas at flowering the treatments 0 kg 
N/ha urea, one of the two replicates at 100 kg N/ha urea and both of the 150 kg N/ha lacked 
strong bands at ~250 bp (Fig 5.15). However, both (lanes B) showed one or more bands at 
~90 bp (probably primer) and ~1750 bp (probably contamination, as it appeared in one of 
the blanks too).  Thus only the bands at 250bp and 350 bp were reliable. 
 141 
 
 
Fig 5.14 PCR patterns of Burkholderia isolates from inoculated wheat rhizosphere at early 
heading stage (5 weeks) using specific primers: 
Lanes 1 and 2 isolates from inoculated treatment with ammonium sulphate at 0 kg N/ha, lanes 3 and 
4 isolates from inoculated treatment with ammonium sulphate at 50 kg N/ha, lanes 5 and 6 isolates 
from inoculated treatment with ammonium sulphate at 100 kg N/ha, lanes 7 and 8 isolates from 
inoculated treatment with ammonium sulphate at 150 kg N/ha, lanes 9 and 10 isolates from 
inoculated treatment with urea at 0 kg N/ha, lanes 11 and 12 isolates from inoculated treatment with 
urea at 50 kg N/ha, lanes 13 and 14 isolates from inoculated treatment with urea at 100 kg N/ha, 
lanes 15 and 16 isolates from inoculated treatment with urea at 150 kg N/ha, lane B blank and lane 
M molecular weight marker.  
 
 
 
 
 
Fig 5.15 PCR patterns of Burkholderia isolates from inoculated wheat rhizosphere at 
flowering stage (15 weeks) using specific primers: 
Lanes 1 and 2 isolates from inoculated treatment with ammonium sulphate at 0 kg N/ha, lanes 3 and 
4 isolates from inoculated treatment with ammonium sulphate at 50 kg N/ha, lanes 5 and 6 isolates 
from inoculated treatment with ammonium sulphate at 100 kg N/ha, lanes 7 and 8 isolates from 
inoculated treatment with ammonium sulphate at 150 kg N/ha, lanes 9 and 10 isolates from 
inoculated treatment with urea at 0 kg N/ha, lanes 11 and 12 isolates from inoculated treatment with 
urea at 50 kg N/ha, lanes 13 and 14 isolates from inoculated with treatment urea at 100 kg N/ha, 
lanes 15 and 16 isolates from inoculated treatment with urea at 150 kg N/ha, lane B blank and lane 
M molecular weight marker.  
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5.4 Discussion 
This more detailed analysis of the role of the Burkholderia inoculant in wheat grain yield 
and N content suggested that the increased grain yield and N content in inoculated plants 
was due to N2 fixation in the rhizosphere soil that this activity peaked at early stages and 
declined during flowering and was present only with the inoculum.  Increases in both grain 
yield and N content in grain were obtained, whereas increases were shown only for N 
content in the previous pot (Chapter 3) and field experiments (Chapter 4).  This was 
possibly because of the good conditions that plants had during growth.  The improvement 
of total N content in wheat grain per plant is likely to improve the content of protein.  
Again, as in Chapter 3 and Chapter 4, the maximum benefit was at 100 kg N/ha and was 
greater with ammonium sulphate than with urea, possibly due to changes in soil pH. 
 
5.4.1 Increase in yield and total content N in grain 
This experiment showed that inoculation by Burkholderia spp. N2-fixing bacteria affected 
not only total N in grain per tube (as usual) but also DW (yield) per tube, probably because 
of the good conditions the plants had during growth.  The maximum in both grain yield and 
N content in grain were obtained with ammonium sulphate at 100 kg N/ha, as noted 
previously such increases in yield due to Burkholderia inoculation have been attributed to 
N2 fixation, development of better root systems, production of plant growth hormone, as 
discussed in previous chapters.  Because of availability of enough moisture, plants were 
able to take advantage of this better N nutrition, which would ultimately lead to improved 
growth and photosynthetic surface, and finally more grain filling and higher relative growth 
rate.  The bacterial inoculum could possibly increase the wheat’s uptake of nutrients from 
N fertiliser crop growth through mechanisms such as the provision of plant growth 
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regulators (Tien et al., 1979).  Plant growth regulators may be supplied by either bacteria or 
roots as a reaction to bacterial infection at the root interface (Kapulnik et al., 1985).  
Up to 40% of the extra N in grain was potentially contributed by N2 fixation by the 
inoculum, while alive in the root system and through death and decay of the inoculum as 
grain fills.  This result was not consistent with results from previous chapters, in which 
grain yield either declined or showed no change with inoculation (Chapters 3 and 4). 
 
5.4.2 Differential effects of fertilisers 
N fertilisers persistently had different effects, with greater responses to ammonium 
sulphate than urea. This may be due to many reasons, as discussed in detail below. Firstly, 
there may be losses of the fertiliser applied that can create differences between ammonium 
sulphate and urea.  These include applying them into soil that is too dry or too wet, which 
can result in losses due to volatilization and failing to apply them deep enough (Parr et al., 
1965). Soil moisture, texture, pH, cation exchange capacity (CEC), depth of placement and 
within-row concentration can affect adsorption and retention of ammonia in the soil (Parr et 
al., 1965). 
Secondly, ammonium sulphate in soil sticks to clay particles and is much less mobile and 
so is much less likely to be leached down past the plant roots. By contrast, urea is very 
mobile in soil and it is more subject to volatilisation loss than ammonium sulphate, as it 
rapidly hydrolyses to NH3 and then the NH3 escapes to the atmosphere or is more easily 
lost down the soil profile past the plant roots. There are many factors influencing the 
amount of nitrogen lost from urea and the possible causes of losses are: soil pH above 7.0, 
low CEC soils, temperature above 25°C.  Below 10°C, volatilisation losses are very low, 
 144 
 
and what is needed is low soil moisture to dissolve the fertiliser but not enough to carry it 
into the soil.  A dry soil surface and no rain within 7 days increases the risk of losses 
(Havlin et al., 1999). 
The differences in the effect of both ammonium sulphate and urea may depend also on their 
effects on soil pH.  Adding ammonium sulphate caused pH to decline slightly, but still well 
within the pH tolerance of the bacteria inoculated (Chapter 2), whereas adding urea 
increased pH by up to 2.3 units to as high as pH 9, well outside the pH at which the 
inoculum will grow, and effects became more pronounced with greater doses.  This high 
pH would change the concentrations of NH4+ and NO3- in the soil, decreasing the 
concentration of NH4+ and NO3- , while nitrification rate increases as soil pH increases up 
to pH 8 (Parr et al., 1965). 
 
Although the trends with ammonium sulphate and urea were remarkably similar, ARA with 
urea was consistently less than with ammonium sulphate.  Possible explanations are that 
differences might be the result of different inoculum bacteria populations in rhizosphere or 
their activity in the rhizosphere.  These differences could be due to problems with the 
breakdown of urea as discussed earlier. 
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5.4.3 Effect of pH 
The distribution of Burkholderia in soil may be greatly influenced by pH.  Their population 
reached the highest levels in rhizosphere soil with pH above 6, which is within their zone 
of tolerance.  The soil pH can influence plant growth by its effect on activity of beneficial 
microorganisms; bacteria that decompose soil organic matter are obstructed in acid soils.  
Most minerals and nutrients are more soluble or available in neutral or acid soils than in 
slightly or very alkaline soils and higher pH soils can have a problem with the availability 
of iron, as can low pH soils due to excessive solubility and leaching beyond the rooting 
zone. 
 
Soil pH is an important factor in determining wheat growth.  Low pH levels affect nutrients 
by changing them into forms that are not available to the crop.  The tolerance of the 
Burkholderia inoculum was pH 5–8 for the inoculation with an optimum pH between 6 and 
8.  Soil pH with ammonium sulphate would be expected to be suitable for high bacterial 
populations in the rhizosphere.  In tubes, the numbers of bacteria increased with increasing 
N level of both fertilisers but more with ammonium sulphate than with urea.  This may 
have been due to the greater change in soil pH with urea than ammonium sulphate.  This 
could be acting directly on the bacteria themselves, but is unlikely, as they grew well in pH 
6-8, or more probably by its effect on exudates from wheat roots, which play important 
roles in shaping microbial population in soil (Duncan and Mele 2006).  Although root-
released products comprise an important pool of organic compounds for soil 
microorganisms, their composition, and quality can vary according to soil type and plant 
development stage (Salles et al., 2002). 
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pH may also have affected ARA activity directly by changing the availability of NH3 in 
soil or indirectly by its effects on leakage of C-containing exudates from wheat roots, 
changing the food source for the bacteria.  Salinity and boron, both problems in these soils, 
are known to change wheat root exudates (Bezrukova et al., 2008; Duncan and Mele 2006) 
and this could affect nitrogenase activities in N2-fixing bacteria. 
 
5.4.4 N2 fixation in rooting zone 
To calculate if the extra N in the grain per pot was comparable to that fixed by 
Burkholderia inoculum, the total N2 fixed throughout the lifetime of the wheat crop in 
inoculated plants was calculated from the ARA separately for ammonium sulphate and 
urea.   The trend in activity was extrapolated from the rates known to give weekly rates, 
which were then added to estimated lifetime ARA during wheat growth (Fig 5.16).  ARA 
was then converted to N2 fixation using the theoretical rate of 3:1 and compared with the 
difference in N content of the grain between the inoculated and uninoculated treatments.  
For example, total estimated accumulated N2 fixation from ARA figures during wheat 
growth in inoculated plants was 97 mg N2 tube-1 was fixed with ammonium sulphate and 76 
mg tube-1 with urea.  
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Fig. 5.16 Extrapolation of ARA from known to unknown weeks. 
 
 
 
 
Tables 5.9 Total estimated accumulated N2 fixation from ARA figures with ammonium 
sulphate during wheat growth. 
 
Ammonium 
sulphate levels 
N2 fixation 
(mg tube-1) 
Total grain 
N/tube (g) in 
inoculated 
treatment 
Total grain 
N/tube (g) in 
uninoculated 
treatment 
Difference in 
grain N/tube 
between 
inoculated and 
uninoculated 
treatments 
(g/tube) 
%Difference 
accountable by N
fixation 
0 kg N/ha 20.090 0.3 0.162 0.138 15 
50 kg N/ha 36.711 0.4 0.273 0.126 29 
100 kg N/ha 97.432 2.4 0.811 1.588 6 
150 kg N/ha 64.209 1.06 0.9 0.159 40 
 
 
 Tables 5.10 Total estimated accumulated N2 fixation from ARA figures with urea during 
wheat growth 
Urea levels N2 fixation (mg tube-1) 
Total grain 
N/tube (g) in 
inoculated 
treatment 
Total grain 
N/tube (g) in 
uninoculated 
treatment 
Difference in 
grain N/tube 
between 
inoculated and 
uninoculated 
treatments 
(g/tube) 
%Difference 
accountable 
by N2 fixation 
0 kg N/ha 20.06 0.20 0.120 0.08 25 
50 kg N/ha 29.12 0.39 0.310 0.08 36 
100 kg N/ha 76.09 1.58 0.590 0.99 8 
150 kg N/ha 55.62 0.99 0.860 0.13 43 
Flowerin
g 
Head emergence 
Maturity 
Weeks 
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N2 fixation by the soil microflora was not sufficient to account for the difference in total N 
in the grain between inoculated and uninoculated treatments.  Although both N2 fixation 
and grain total N increase and decrease in parallel, these studies suggest that N2 fixation by 
the rhizosphere flora could only account for 6-43% of the difference between inoculated 
and uninoculated treatments.  In particular, there is a paradox in that the least contribution 
of 6-8% took place with 100 kg N/ha fertiliser and maxima in both ARA and total N in 
grain.  The maximum contribution of 40-43% took place, by contrast, at 150 kg N/ha and 
declines in both ARA and total N in grain. 
Further study of this paradox would need attentive measures for nitrogen uptake by the 
plant N or 15N 
 
This is similarty the contributions of other Burkholderia inoculants as biofertilisers, which 
have improved growth and increased yield of several cereal crops (Trân Van et al., 2000).  
For example, an endophytic Burkholderia species isolated from rice in Brazil fixed 31% of 
the total nitrogen captured by the plant and gave a 69% increase in the rice biomass 
(Baldani, 2000).  Rice inoculated with B. vietnamiensis increased in yield by 13-22%, but 
the proportion of this increase accounted for by N2 fixation was not calculated (Tran Van et 
al., 2000).  A yield increase of 54% was similarly observed for rice inoculated with B. 
brasiliensis but again there was no calculation of how this related to N2 fixation by the 
inoculum (Guimaraes et al., 2000).  In maize, plant biomass was increased by 30% with B. 
ambifaria inoculum (Ciccillo et al., 2002), but no contribution by N2 fixation was 
estimated.  Van et al. (2000) estimated that inoculation of rice in the field with B. 
vietnamiensis was equivalent to adding 20-30 kg more nitrogen, less than seen in these 
experiments with wheat.  Kennedy and Islam (2001) estimated that 10-30 kg N/ha was 
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fixed by BNF in wheat and that this amounted to 10% of their total requirement, figures 
that seem comparable to those found here. 
Although the trends with ammonium sulphate and urea were remarkably similar, ARA with 
urea was consistently less than with ammonium sulphate.   Possible explanations are that 
differences might be the result of different inoculum bacteria populations in rhizosphere or 
their activity in the rhizosphere.   These differences could be due to problems with the 
breakdown of urea as discussed earlier. 
 
The uninoculated tubes did not show any ARA activities during wheat growth stages while 
there were clearly diazotrophic bacteria, including what looked morphologically like 
Burkholderia species, in the rhizosphere.  The explanation may be that populations of 
Burkholderia may need to be in dominant numbers to invoke N2 fixation, due to interaction 
between microorganisms within the rhizosphere; some of these other microorganisms may 
exert control over which others are active and in what activity (Sarita et al., 2008).  For 
example, Duncan and Mele (2006) showed that large changes in microbial community 
structure could result from even small changes in rhizodeposition of carbohydrates, 
especially sugars, in the wheat rhizosphere.  The presence of large numbers of 
Burkholderia may change the pattern of rhizodeposition; in such a high C:N ratio, N2 
fixation is favoured by Burkholderia and it occupies a majority of available sites in the 
rhizosphere or rhizoplane.  It is also possible that inoculation with such high numbers of 
Burkholderia allows Burkholderia to occupy all available sites on the rhizoplane (Pereg 
Gerk et al., 2000), or even to become endophytic, as happens in sugarcane (Baldani et al, 
2005). 
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5.4.5 Tracing the inoculum in the rooting zone 
The specific primers designed to the Horsham isolates seemed to be specific enough to 
identify only the inoculum; they did not detect the Burkholderia-like isolates in 
uninoculated samples, which possibly contained other Burkholderia strains.  Such a marker 
could be useful to trace the location of the bacteria in the rooting zone, especially if it can 
be made quantitative or in-situ PCR is used. 
 
Although Primer 3 predicted only one band of 250 bp from the primers’ attachment to the 
sequence, more than one band was formed.  There are several possible reasons for this.  
The band at 350 bp may result from one or both primers attaching at alternative sites on the 
DNA close to the region sequenced.  This could be checked by cutting out and sequencing 
the bands at both 250 bp and 350 bp.  The presence of the high molecular weight band at 
1750 bp is likely to be caused by contamination of a component of the PCR reaction, such 
as the water, since it appeared from time to time even in the blank without DNA.  The 
presence of the low molecular weight band at 90 bp is likely to be due to primer dimers 
caused by polymerization of excess primer and may be reduced by decreasing the amount 
of primers in the PCR reaction mix.  The generally high background may be reduced by 
increasing the annealing temperature to closer to the melting temperature of each of the 
primers in the PCR cycles. 
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5.4.6 Microflora in the rooting zone 
The changes observed with time in the rhizosphere and soil communities may reflect 
competition between the inoculum and other bacteria present in these sites.  If that is the 
case, it appears that Burkholderia gradually declines in the rhizosphere as it becomes 
occupied by other rhizobacteria and ends up in the non-rhizosphere soil.  Generally is 
accepted that the rhizosphere community is a subset of the bulk soil community (Duineveld 
et al., 2001).  Other studies have indicated the diversity of the Burkholderia population 
associated with rhizosphere was consistently higher in the rhizosphere than in the bulk soil 
(Salles et al., 2002).  These observations depend on several variables, including plant age 
and the other strains in the microbial community.  They may also depend on the location of 
the inoculum, in that B. brasilensis is an endophyte whereas B. tropicalis is involved only 
in associative N2 fixation (Reis et al., 2000) and this may affect the efficiency of the 
association and the intensity of oceupotion of the rhizosphere.. 
 
As only the 0 kg N/ha treatment was examined, the same might not be the case with the N 
levels that result in greater N2 fixation and it would be interesting to repeat the experiment 
using all treatments and to follow the inoculum using the molecular method to see if it is 
less competitive than other strains in the microbial community. 
There is a contrast between the presence of the Burkholderia inoculant and ARA only in 
inoculated tubes, but apparently Burkholderia- like white colonies isolated from both 
inoculated and uninoculated tubes. 
 
Microorganism to microorganism interaction or the production of metabolites may educe 
growth or ARA activity in the rhizosphere, but have no effect on or stimulate the growth of 
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other microflora.  This may be explained by there being other strains of Burkholderia 
present but not the same as the inoculum, to the extent that they did not react with the 
inoculum-specific primer.  The colonies isolated from inoculated tubes had a very 
homogeneous morphology (same colour and similar size), whereas those from uninoculated 
tubes had a variety of colonies.  The inoculum was probably the only N2-fixing bacterium 
in the rooting zone, because uninoculated samples had no ARA activity at any time.   
 
The reason for the increase in numbers of Burkholderia with N level in uninoculated 
treatments may be due to availability of N sources in soil or related to differential effects of 
N level on leakage of compounds from wheat roots because bacteria during nitrogen 
fixation need much more energy.   
 
This experiment showed ten times greater numbers of Burkholderia from the rhizosphere 
(3 x 104) than from the other soil (2 x 102) and the numbers were greater for Burkholderia 
from inoculated treatments than for total bacteria in soil (2 x 102) in uninoculated 
treatments.  Similarity, Baldani et al. (2000) and Salles (2005) found greater numbers of 
Burkholderia associated with rhizosphere than with bulk soil in rice and Baldani et al. 
(2000) even isolated an endophytic species from within sugarcane roots in Brazil. 
 
5.4.7 Optimising effects of inoculation 
The best combination to maximise the gain from inoculation is with ammonium sulphate at 
100 kg N/ha rather than with urea at the same level of N or with lower or higher levels of 
N. Reasons for this could be differences between the fertilisers in how much N is absorbed 
by the plants from applied N or correlated to effect of pH in rhizosphere with ARA and 
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numbers of N2-fixing bacteria (Burkholderia spp.) in the rhizosphere or perhaps differential 
effects of N level on leakage of C-containing exudates from wheat roots, giving bacteria a 
high carbon food source and so stimulating the induction of nitrogenase activity. 
 
In conclusion, the most remarkable result due to inoculation by Burkholderia spp. is the 
consistent increase of grain yield and grain total nitrogen with N fertiliser (ammonium 
sulphate) at 100 kg N/ha.  It is highly correlated with ARA and numbers of N2-fixing 
bacteria (Burkholderia strains) in the rhizosphere.  It is important to maximise ARA and 
the efficiency of use of the applied fertiliser, with the potential benefit of decreasing in 
production cost, and reducing the hazardous nature of chemical fertilisers for the 
environment for improved environmental sustainability, lower cost of production and 
greater wheat yield. 
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Chapter 6 
 
Overview 
 
 
Fertilisation of crops using chemical fertilisers has become a common practice for efficient 
crop production.  Increasing world population has created a continued demand on 
agriculture production and intensive farming practices, that warrant high yield and quality, 
require extensive use of chemical fertilisers, which are costly and create environmental 
problems.  
 
Under these circumstances, the use of biofertilisers is being stressed.  In this context, 
biofertilisers may play very important roles in maintaining crop yields through better 
nutrient supplies. So far, a considerable number of bacterial species, mostly associated with 
the plant rhizosphere, have been tested, and found to be beneficial for plant growth, yield, 
and crop quality. 
 
In this thesis, the evaluation and the effectiveness of diazotrophic bacteria isolated from the 
rhizosphere of wheat in Horsham and Birchip, Victoria, Australia was investigated.  The 
purpose of this study was to test if inoculation with biofertilisers, particularly N2-fixing 
species of Burkholderia, would improve yield of wheat, by contributing to the supply of 
nutrients to the developing grain. 
 
Chapter 1 of this thesis begins by describing the genus Burkholderia in terms of its effect 
on agricultural systems.  This chapter also contains a brief description of bacteria fixing 
atmospheric nitrogen, the nitrogen cycle, and biological nitrogen fixation. 
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Chapter 2 outlined the isolation and characterisation of new Burkholderia species isolated 
from two different Victorian soils (brown loam from Birchip and grey clay from Horsham) 
previously used for growing wheat.  Isolates were referred to Burkholderia on the basis of 
cultural, morphological, biochemical and molecular characteristics, including 
determination of the 16S ribosomal DNA sequence and ARDRA profile.  The species are 
Gram-negative, aerobic bacteria, oxidase and catalase positive, motile and able to utilise a 
wide range of simple carbon sources such as fructose, glucose, lactose, mannitol, sucrose, 
galactose, inositol, sorbitol, raffinose and glycerol but not maltose.  They use citrate and 
reduce of nitrate to nitrite but not nitrite to NO2 gas.  They are diazotrophs, able to grow in 
N-free Burk’s liquid and solid media at pH 5.0, 6.0, 7.0, and 8.0 but not at pH 4.0 and 9.0.  
They grew well at 21oC, 30oC and 37oC but could not grow at the lower temperatures of 
4oC and 15oC and resistant to several antibiotic substances.  Moreover they grew in the 
presence of 3% and 5% NaCl and hydrolysed urea.  They did not metabolise starch or 
produce H2S, they hydrolysed gelatin, were negative in the Voges Proskauer test and 
flexirubin pigmention and could not solubilise phosphate.  This range of traits is 
compatible with bacteria that inhabit the rhizosphere, living off exudates leaked from the 
roots and fixing N2 associatively.  Whilst more research would have to be carried out to 
find out if these are new species of Burkholderia, their characteristics do not match any 
currently described species in open databases. 
 
Chapter 3 deals with the effect of these Burkholderia strains as biofertilisers on wheat 
productivity.  The same Burkholderia strains were used to inoculate wheat, in the same 
soils as those from which the bacteria were isolated, in a pot experiment.  The growth and 
yield of wheat, in particular nitrogen and protein content in the grain, was assessed with 
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different types and levels of nitrogen fertiliser.  Plants were fertilised with superphosphate 
and one of four levels (0, 50, 100 or 150 kg N/ha) of nitrogen fertiliser (ammonium 
sulphate 21% N or urea 46% N) with and without inoculation.  At harvest, plants 
inoculated with the Birchip isolate in the Birchip soil had significantly greater grain dry 
weight and total nitrogen in grain than uninoculated plants at nitrogen fertiliser rates of 0-
100 kg N/h.  Soils differed in response to inoculation, largely due to experimental artifacts, 
but the strains showed potential to improve nitrogen nutrition.  It was therefore important 
that a field trial was carried out, as it is only under field conditions that potential could be 
assessed. 
 
Field-grown wheat was inoculated with the same strains of Burkholderia as before in 
Chapter 4.  Three experiments were carried out at two sites, a dryland and an irrigation 
field at Horsham and another dryland field at Birchip during the wheat season of 2006 to 
evaluate the effects of inoculation with the Burkholderia strains with the same types and 
levels of N fertiliser as before on yield and N content of wheat.  Although the results from 
the dryland sites were inconclusive due to the drought conditions, the irrigated trial with the 
Horsham isolate in the Horsham soil produced promising results.  Stimulatory effects of 
bacterial inoculation, N fertiliser types (Urea 46% N and ammonium sulphate 21% N) and 
levels (0, 50, 100 and 150 kg N/ha) on grain %N and total N were achieved, again with an 
optimum at 50-100 kg N/ha ammonium sulphate rather than urea.  Increasing N level to 
150 kg N/ha reduced the benefit of inoculation on grain N, probably by inhibiting N2 
fixation by the bacteria in the rhizosphere.  Burkholderia inoculated in soil fertilised with 
100 kg N/ha increased total grain N by up to 30 kg N/ha.  Inoculation would therefore 
increase protein by up to 40%, through increasing N content in grain production.  There 
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were, however, some problems to overcome in future to optimize the benefits of 
inoculation.  Seedling emergence was significantly reduced, as was grain yield, by up to 
10%, probably a consequence of the reduced emergence due to handling and fungal 
damage due to using flour as a carrier (Parkinson et al., and Waid et al., 1960).  In future, 
alternative carriers, such as peat or kaolin, will have to be tested to deliver these inoculants, 
as they showed continuing potential in spite of the dry conditions.  The most remarkable 
result due to inoculation was the consistent increase in rhizosphere populations of 
Burkholderia-like diazotrophic bacteria, even in the driest site, though further research was 
needed to find if these were the inoculant strains by using a molecular marker system.  It 
was hypothesised that under better growing conditions, inoculation would be able to 
demonstrate its potential fully and so it was decided to conduct a further pot trial under 
conditions where the wheat would have adequate water and rooting space, and to assess the 
inoculant location and activity directly. 
 
Nitrogen-fixing activity and populations of nitrogen-fixing bacteria associated with wheat 
grown in grey clay soil collected from Horsham were measured in Chapter 5.  Different 
types and levels of nitrogen sources were used as previously, but this time the wheat was 
grown in controlled growth conditions in tubes 1 m long to give roots aeration and 
adequate room to grow.  Acetylene reduction activity was measured in the rooting zone of 
the tubes at various growth stages during the growth season, by injecting 10% (V/V) of 
C2H2 and incubating at 250C for 30 min before assay by gas chromatography.  The ARA 
activities measured were present only in inoculated tubes and was greater with ammonium 
sulphate than with urea.  The population of nitrogen-fixing bacteria associated with 
rhizosphere and roots was determined in Burk’s medium as before, showing that the 
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number of nitrogen-fixing bacteria was greater in inoculated than in uninoculated 
treatments.  Specific primers designed to the 16S rDNA sequence of the Horsham isolate 
showed that the inoculant was present only in the roots and rhizosphere of the inoculated 
treatments.  The lesser population of nitrogen-fixing bacteria with urea than with 
ammonium sulphate was attributed to the high pH generated during decomposition.  
Inoculation with effective Burkholderia consistently increased wheat grain yield as well as 
N and hence the efficiency of use of the fertiliser, with the potential benefit of reducing 
losses to the environment.  It was concluded that both the Birchip and Horsham isolates 
offered great potential to improve farming practice by inoculation with wheat and that 
further field trials should be carried out. 
 
6.1 Major achievements of this research 
As major conclusions from research conducted for this thesis, it has been shown that: 
 Isolated nitrogen-fixing (BNF) bacteria from wheat-growing soils at Horsham and 
Birchip were identified as Burkholderia spp. by their closest matches in the 16S 
DNA and by morphology and physiology. 
 In pot trials, inoculation consistently increased N content in grain but not grain 
yield, reaching an optimum effect at 100 kg N/ha.  There was an improvement in 
both Birchip and Horsham soils in different trials and with ammonium sulphate 
than with urea. 
 In irrigated field trials, inoculated plants had significantly (up to 70% greater) 
increased total nitrogen in grain than uninoculated plants. Increases were greater 
with ammonium sulphate than with urea and optimum at 100 kg N/ha.  
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 ARA activity was present in inoculated plants only and was greater with 
ammonium sulphate than with urea.  Up to 60% of the increased N content of the 
grain in inoculated plant was potentially derived from nitrogen fixed by the 
inoculum in the rhizosphere.   
 
6.2 Conclusion 
 
It was concluded that the most significant result due to inoculation was the consistent 
optimum increase of N content in grain in inoculated treatments with ammonium sulphate 
fertiliser at 100 kg N/ha. Inoculation with Burkholderia consistently increased %N in wheat 
grain, with the potential benefit of decreasing the production cost and reducing use of 
chemical fertilisers. This has benefits for the farmer and the use of these Burkholderia 
species as biofertilisers could improve environmental sustainability, lower the cost of 
production and give better crop yields in wheat.  This shows that N2-fixing Burkholderia 
species have great potential as biofertilisers on wheat productivity and profit. 
 
6.3 Suggestions for future work 
 
This research presented in this thesis opened the door for future work. The following are 
some of the areas that can be initiated on the basis of this research: 
 Investigation of methods to understand the roles of these Burkholderia strains in/on 
the rhizosphere, rhizoplane and root. 
 Investigate the beneficial effects of inoculation with these native N2-fixing 
Burkholderia strains in different environments. 
 Conduct further trials with a variety of crops inoculated with Burkholderia strains 
from their cropping soils. 
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 Design further molecular tests to trace the inoculants.Conduct further tests to test 
the exact relationships of these Burkholderia strains to known species, using 
further physiological and biochemical tests on the major fatty acids and DNA-
DNA hybridization. 
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Appendix 
 
 
This appendix gives a list of the media and their compositions used in this thesis.  
 
 
 
Chapter 2 
1. Media 
 
1.1 Burk’s N free medium 
20 g glucose, 1.0 g KH2 PO4, 0.05 g Mg SO4, 0.2 g NaCl, 0.01 g Fe SO4,  
0.005 g H2 MoO4 and 0.1 g Na HCO3                                            per 1L         
The solution was adjusted to a pH of 7.0 plus 15 g of nutrient agar in Burk’s solid medium                      
                
                              
1.2 Voges - Proskauer medium (VP) 
0.5 g glucose, 0.5 g Peptone and 0.5 g K2HPO4                               per 1L 
 
1.3 Starch Agar  
10 g Potato starch                                                                          per 50 mL 
Potato starch was mixed with water till smooth. The ingredients of nutrient were mixed (pH 
adjusted to 7.5); 15 g of bacteriology agar and potato starch was added to a final 
concentration of 0.2% starch. The medium was then sterilised by autoclaving at 121OC for 
20 min. 
 
1.4 Grams iodine 
1.0 g of iodine, 2.0 g ofpotassium iodide, dissolved in 300 ml of distilled water. 
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1.5 Simmon’s Citrate agar 
0.2 g MgSO4, 0.2 g NH4H2PO4, 0.8 g NaH2PO4, 5.0 g NaCl, 2.0 g Na3C6H5O7.2H2O and 
Bromothymol blue. 
The solution was adjusted to a pH of 7.0 before the addition of 15 g bactiriology  
agar/ L. The medium was then sterilised by autoclaving at 121Co for 20 min. 
 
1.6 Urea broth 
1.0 g peptone, 5.0 g NaCl, 1.0 g glucose, 2.0 g KH2PO4, 0.012 g phenol red and 20 g urea 
per 1 L. 
The solution was adjusted to a pH of 6.8 and then sterilised. 
 
1.6 Nutrient Gelatin 
120 g gelatine, 5.0 g peptone per 1 L 
The two compounds were mixed thoroughly before use. 
 
1.7 Modified Illmer and Schinner medium (MIS) 
This medium was modified from Illmer and Schinner (1992).    
0.5 g glucose, 0.5 g sucrose, 0.373 g NH4NO3, 0.41 g MgSO4.7H2O, 0.295 g KCl, 0.2 g 
NaCl and trace of FeCl. 
The medium was adjusted to a pH of 7.0, before the addition of nutrient agar and 
autoclaving at 121Co for 20 min. 
According to the medium in Illmer and Schinner (1992) the plates were poured two layers, 
which contained different concentration of agar in each layer. The basal layer contained  
15 g agar/ L and the top layer 10 g agar/ L.  
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